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Abstract Family-based candidate gene and genome-
wide association studies are a logical progression from
linkage studies for the identification of gene and
polymorphisms underlying complex traits. An efficient
way to analyse phenotypic and genotypic data is to
model linkage and association simultaneously. An
important result from such an analysis is whether any
evidence for linkage remains after fitting polymor-
phisms at candidate genes (residual linkage), because
this may indicate locus and allelic heterogeneity in the
population and will influence subsequent molecular
strategies. Here we report that substantial residual
linkage is to be expected, even under genetic homo-
geneity and when the underlying causal polymorphisms
are genotyped and fitted in the model. We simulated a
powerful design to detect linkage to quantitative trait
loci, with 5, 10 or 20 causal SNPs spread throughout the
genome. These SNPs were responsible for all genetic
variation, and hence for both linkage and association.
Residual linkage at the largest linkage peak from a
genome-wide scan was substantial, with mean LOD
scores of 0.4, 0.7, and 1.4 for the case of 5, 10 and 20
underlying causal SNPs, respectively. For less powerful
designs, the proportion of the original LOD scores that
remains after association will be even larger. All cases
of ‘significant’ residual linkage are false positives. The
reason for the apparent paradox of detecting residual
linkage after fitting causal polymorphisms is that the
linkage signals at the largest peaks in a genome-scan
are severely inflated, even if all peaks correspond to
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true linkage. Our findings are general and apply to
linkage mapping of any phenotype and to any pedigree
structure.

Introduction

Many linkage studies have been performed in the last
decade, for rare and common diseases and quantitative
traits. The usual paradigm for follow-up is to focus on
the chromosome regions with the strongest evidence
for linkage and perform a fine mapping and candidate
gene study. Recently the prospect of whole genome
association studies has become feasible because of the
abundance of well characterised SNPs and high-density
genotyping platforms, so that all candidate regions can
be simultaneously investigated for association.
Researchers who have spent time and effort to col-
lect family data for linkage studies are likely to use the
same collections for association analysis. The statistical
analysis of family based association studies takes into
account that there are two sources of information
contained in the pedigrees: the cosegregation of geno-
types and phenotypes within families (linkage) and the
association between genotypes and phenotypes across
families (association). A commonly asked question in
such analyses is ““does the association explain my link-
age peak?” (Almasy et al. 2005; Ichikawa et al. 2005;
Kammerer et al. 2004; Soria et al. 2000; Zhu et al. 1999),
and a number of statistical tests have been proposed to
address this (Li et al. 2004, 2005; Sun et al. 2002). In this
report we define linkage after association as ‘residual
linkage’. There are a number of reasons why association
between phenotypes and genotypes will not eliminate
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the linkage peak. If there are multiple alleles (or
haplotypes) at the same susceptibility locus in the
population that cause the observed linkage peak then
association between a single marker (haplotype) and
phenotype will not explain all of the variation. Multiple
linked genes in the same broad linkage region and
different families segregating for causal variants at
different genes will have the same effect. In the absence
of such heterogeneity, the linkage peak may not dis-
appear because of imperfect linkage disequilibrium
between the genotyped markers and an ungenotyped
causal variant. Finally, if the initial linkage peak was
wholly spurious then true association will reduce the
test statistic by reducing the amount of residual varia-
tion but will not eliminate it.

In this study, we show that there is an additional
simple reason why linkage peaks are unlikely to dis-
appear, even when there is a single genotyped causal
variant that is responsible for the linkage peak. The
reason is that linkage peaks for complex traits are
generally artificially inflated in terms of their apparent
effect size. We quantify the expected amount of
residual linkage as a function of the number of poly-
morphisms that underlie genetic variation in the
population, and show that it is substantial.

Methods
Simulations

We simulated a powerful linkage study for a quanti-
tative trait, with 5,000 sibling pairs, 738 autosomal
microsatellite markers and a heritability of 0.8. For
each replicated sample, microsatellite marker geno-
types were simulated on the parents of 5,000 sibling
pairs, using the locations of markers and their allele
frequencies from actual markers that have been used
for linkage studies in our laboratory (Cornes et al.
2005; Morley et al. 2006; Visscher et al. 2006). The
average marker spacing was 4.7 cM. Markers were
simulated to be in linkage equilibrium in the popula-
tion of parents. Gametes from the parents and geno-
types of the sibling pairs were simulated assuming
Haldane’s mapping function and random mating.
Markers were simulated on all parents and all progeny,
i.e., there were no missing data.

Genetic variation in each replicated sample was
simulated by creating 5, 10 or 20 independent causal
SNPs that each explained an equal proportion of the
genetic variance, i.e., 16, 8 and 4% of the phenotypic
variance, respectively. Hence, the amount of genetic
variance in the population, and corresponding linkage
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and association, was entirely determined by the simu-
lated SNPs. The simulated samples lack heterogeneity,
and are examples of best-case scenarios for linkage and
association. A polymorphic SNP with alleles B and b
was simulated by randomly choosing one of the mi-
crosatellites and assigning allele B to the most common
microsatellite allele and allele b to all other microsat-
ellite alleles. In this way, the appropriate segregation
within families and the correct amount of linkage dis-
equilibrium between the SNP and the microsatellite
from which it was simulated is achieved. Hence, we
simulated each SNP in complete linkage and in com-
plete linkage disequilibrium with a randomly chosen
microsatellite. The simulated multiple SNPs were re-
quired to be at least 50 cM distant from each other, to
avoid the creation of a ‘super locus’ that would explain
more variance than was intended. Additive gene action
at each of the 5, 10 or 20 SNPs was simulated, and the
effect size of SNP i was a; = +/[h*/(2mp;(1 — p;))],
with /4 the total additive heritability of the trait (=0.8),
m the number of SNPs (5, 10 or 20) and p; the fre-
quency of allele B. The phenotype for individual k in
the sample was simulated as

Yi =Y [na) + e,

with x; an indicator variable for SNP i, which is -1, 0, 1
for genotypes bb, Bb and BB, respectively. The resid-
ual e was drawn from a standard normal distribution, e
~ N(0,1-4%), and no other sources of family resem-
blance were simulated. Phenotypes were only simu-
lated on the sibling pairs.

For a fully informative marker, the expected LOD
score for linkage at the location of a causal SNP is 0.6,
1.7 and 6.0, for loci explaining 4, 8 and 16% of the
phenotypic variance, respectively (Purcell et al. 2003).
The expected LOD score for association (which is not
the focus of this study) is much larger, 83.5, 172.2 and
359.6, respectively, for a SNP explaining 4, 8 and 16%
of the phenotypic variance (Purcell et al. 2003).

Statistical analyses

Variance component linkage analyses were performed
using Merlin (Abecasis et al. 2002). For each simulated
data set, two genome-scans were performed. In the first
genome-scan, a test statistic for linkage was calculated
at all 738 marker locations, fitting an average sibling
(polygenic) effect and a quantitative trait locus (QTL)
effect in the model. The chromosome with the largest
test statistic was selected and the causal SNP closest to
the peak location identified. In the second joint linkage
and association genome scan, this causal SNP was fitted
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in the model of analysis as a covariate (with one degree
of freedom), in addition to the family and QTL effects.
The rationale for this sequence of analyses is that it
mimics a linkage analysis followed by a positional
candidate gene study. The test statistic was a standard
likelihood-ratio-test (LRT) from comparing a full
model, which included random QTL and polygenic
effects and a reduced model, which excluded the QTL
effects. The test statistic for residual linkage was also a
LRT, fitting the fixed effect of the SNP in both the full
and reduced models. Hence we are testing the effect of
the QTL after fitting the SNP, not the effect of the
SNP. Under the null hypothesis of no residual linkage,
the asymptotic distribution of the LRT statistics is a
50:50 mixture of zero and a y* with one degree of
freedom (Self and Liang 1987). LRT statistics were
converted to LOD scores. The 5% significance
threshold for the mixture distribution is a LRT statistic
of 2.71, which is equivalent to a LOD score of 0.59.
For each of the primary linkage analyses, the test
statistics pertaining to the peak location and the pro-
portion of variance explained at the peak location were
recorded, as were the estimates at the location of the
nearest causal SNP. For the secondary joint linkage
and association analysis, the test statistic and propor-
tion of variance explained by linkage were recorded at
the initial peak location and at the location of the

nearest causal SNP. If there was no SNP within 50 cM
of the peak location, then the peak was attributed to a
false positive signal.

Results

Tables 1 and 2 summarise the results for analyses at
the linkage peak location (Table 1) and at the nearest
causal SNP (Table 2). Clearly, the residual linkage
effects are substantial, both at the peak location and at
the location of a causal SNP. At the peak location, the
residual linkage test statistic (LOD) was 0.4, 0.7 and
1.4, for 5, 10 and 20 simulated causal SNPs, respec-
tively. These test statistics are 4, 16 and 47% of the
mean test statistic for linkage when the nearest causal
SNP was not fitted. Hence, in the case of 20 causal
SNPs of equal effect, the test statistic for linkage re-
duces, on average, by only one half when the true
causal SNP is identified and fitted in the model of
analysis. In addition to the large average residual
linkage test statistics, the standard deviations are also
large. For example, the SD of the LOD score at the
location of a causal SNP nearest to the largest linkage
peak is 0.5 when 10 causal SNPs were simulated
(Table 2), so that many residual test statistics exceed a
LOD of, say, 1.5. This would most likely lead to the

Table 1 LOD score and proportion of variance explained by linkage at the location of the genome-wide linkage peak, without and

with fitting the nearest causal SNP

# Causal SNPs Linkage analysis

Residual linkage after association

LOD (%) LOD (%) False positive
rate (%)*
5 10.0 (2.3) 22.4 (2.7) 0.4 (0.4) 3.7 (2.4) 22
10 45 (12) 15.0 (2.1) 0.7 (0.6) 58 (22) 48
20 2.9 (0.6) 12.0 (1.5) 1.4 (0.5) 82 (1.4) 98

Mean (SD) of 50 simulated replicate genome scans
# Proportion of residual LOD scores larger than 0.59

Table 2 LOD score and proportion of variance explained by linkage at the location of the causal SNP nearest to the genome-wide

linkage peak, without and with fitting the nearest causal SNP

# Causal SNPs Linkage analysis

Residual linkage after association

LOD (%) LOD (%) False positive
rate (%)?
5 9.9 (2.3) 224 (2.7) 0.3 (0.4) 3.5 (2.5) 20
10 44 (13) 14.8 (2.3) 0.6 (0.5) 53 (2.0) 40
20 23 (L.1) 10.5 (32) 0.8 (0.5) 6.0 (2.8) 68

Mean (SD) of 50 simulated replicate genome scans

# Proportion of residual LOD scores larger than 0.59
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Fig. 1 LOD score for linkage before and after fitting the causal
SNP. Selected examples of one simulated replicate of 5 SNPs (a),
10 SNPs (b) and 20 SNPs (¢). Triangles denote the location of the
causal SNP. The three examples correspond to simulated
chromosomes 17, 13 and 2, respectively

erroneous conclusion that there are additional poly-
morphisms in the linkage region that require discovery.

At the location of the linkage peak, the LOD scores
for residual linkage was significant at the 5% level, i.e.,
exceeding the critical value of 0.59, for 5, 10 and 20
simulated causal variants in 22, 48 and 98% of repli-
cates, respectively (Table 1). At the position of the
causal variants, these proportions were 20, 40 and 68%,
respectively (Table 2). The proportion of replicates
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significant at the causal SNPs closest to the linkage
peak for 20 simulated SNPs was ‘only’ 68% because in
a number of replicates the test statistic for linkage
(without fitting the SNP) was not significant. These
results demonstrate that the false positive rate for
residual linkage is extremely large.

To obtain 50 genome scans that resulted in the
linkage peak being within 50 cM of a simulated SNP,
63 samples needed to be simulated for the case of 20
simulated SNPs. Hence, the false positive rate of the
linkage peaks from the genome scan was 13/63 = 21%.
The 13 false positive replicates were discarded, but in
reality such false peaks may be pursued, with obviously
no success in identifying causal variants.

Figure 1 give examples of chromosome-wide linkage
and residual linkage for 5 (Fig. 1a), 10 (Fig. 1b) and 20
(Fig. 1c) causal SNPs. For each Figure, we selected the
most extreme simulated data set (1 out of 50, or 2%) in
terms of the magnitude of the residual linkage test
statistic. These results, in particular for 10 and 20
simulated SNPs (Fig. 1b, c), would most likely lead to
the incorrect conclusion that there are other variants to
be identified in the region of interest.

Discussion

We have shown that a substantial amount of residual
linkage is to be expected in a combined linkage-asso-
ciation scan and that testing for residual linkage will
lead to a high false positive rate. We have quantified
the amount of residual linkage for a fairly powerful
linkage analysis of quantitative traits under genetic
homogeneity, i.e., under a best-case scenario. Most
linkage studies for quantitative traits are severely
underpowered, and this causes the apparent effect sizes
at linkage peak to be over-estimated more than in our
study and will result in even larger amounts of residual
linkage. Smaller studies with reduced power will also
result in more false positive linkage findings, but that is
outside the focus of this study. Hence, researchers
should expect that association at candidate genes will
not eliminate their observed linkage, even if they have
genotyped causal variants that were responsible for the
linkage signal in the first place. The explanation of the
results is straightforward, and is a direct consequence
of performing multiple tests in a genome scan and
focussing on the largest test statistic (Beavis 1994;
Goring et al. 2001; Lynch and Walsh 1998). If the true
proportion of variance explained at a trait locus is 10%
but the estimate of this proportion at linkage peak is
25%, then after fitting a causal variant there will be
an apparent linkage peak that explains 15% of the
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variance. This residual linkage is a false positive. The
bias in the estimate of residual linkage occurs because
the focus of genome-wide scans is on detection of trait
loci and not on (unbiased) estimation of their effect
size.

Although we demonstrated the magnitude of resid-
ual linkage for a quantitative trait using a variance
component analysis and a sibling pair design, the same
principle applies to linkage studies for disease using
any family design. For example, for a design in which
sibling pairs affected with a disease have been ascer-
tained and applying recently suggested joint linkage
and association analysis methods (Li et al. 2005; Sun
et al. 2002), excess residual IBD sharing is likely to be
found after fitting a causal SNP if only the largest peaks
from linkage scans are followed up. In a recent review
of the genetics of schizophrenia it was noted that “In
the most convincing cases, the risk haplotypes appear
to be associated with small effect sizes and do not fully
explain the linkage findings that prompted each study”’
(Norton et al. 2006). Our study suggest that at least
part of this observation is due to the selection bias that
we investigated in this study.

The reason why the residual LOD score is so large
can be quantified approximately by considering the
distribution of the test statistic at the location of a
causal variant. The asymptotic distribution of the LRT
statistic for linkage is a non-central y* with non-cen-
trality parameter NCP and one degree of freedom. It
has a mean and variance of 1 + NCP and 2(1 + 2NCP),
respectively. The LOD score is LRT/4.605. Hence, the
expected value of the LOD score (ELOD) is
(1 + NCP)/4.605, and the variance of the LOD score is
[18.42ELOD -2]/4.605% So, for expected LOD scores
of 1.0, 2.0 and 3.0 at a particular location, the standard
deviation across causal variants (and across replicate
studies) is about 0.9, 1.3 and 1.6, respectively. This
large standard deviation (relative to the mean) ex-
plains why the test statistic at the largest peak is usually
much larger than its expected value. It also illustrates
the difficulties in drawing inference about replication
and non-replication across studies. Because of the large
variance of the non-central y*> distribution, residual
linkage is to be expected even if we had a very pow-
erful design and linkage was only performed at the true
locations of multiple causal variants.

If there is no selection among true causal loci from the
linkage scan then the estimates of the proportion of
variance explained from residual linkage should be
unbiased. We verified this by averaging the LOD score
for residual linkage for all five SNP locations when five
causal SNPs were simulated. The mean LOD score for
residual linkage across replicates was 0.10 (SE = 0.02).

The expected unbiased value of the residual LOD score
is 0.11, because under the null hypothesis of no residual
linkage, the LRT has an expected value of 0.5 (and hence
a LOD of 0.5/4.605 = 0.11). Hence, there is no excess
residual linkage when there is no selection among true
causal loci (in our case all causal loci were selected).

How can researchers obtain unbiased estimates of
residual linkage? The obvious design would be to have
an independent replication sample, in which joint
linkage and association parameters can be estimated
without multiple testing. However, this implies that
both linkage and association will be replicated in other
samples. Replicated linkage is difficult to assess, be-
cause of the low power of linkage studies to detect trait
loci of moderate size and the resulting large confidence
intervals of the estimated location of susceptibility loci
(Visscher and Goddard 2004). Association studies
suffer less from these considerations because they are
generally more powerful. If association studies are
performed in pedigrees around candidate regions that
have been reported independently, then residual link-
age is expected to be small if causal variants (or vari-
ants in high linkage disequilibrium with them) are
genotyped. This is indeed what has been observed in
practice (Kammerer et al. 2004; Soria et al. 2000).
Therefore, one suggestion is to focus on replicated
associations, in particular for polymorphisms which are
likely to be functional, as, for example, the polymor-
phism associated with age-related macular degenera-
tion (Edwards et al. 2005; Haines et al. 2005; Klein
et al. 2005), and not to be concerned about the size of
the residual linkage peak.

Sun et al. (2002) proposed a statistical method to
identify (causal) polymorphisms that explain a linkage
signal in an affected sibling pair or trio design, and
suggested a simulation approach to adjust the P-values
for residual linkage when evidence for linkage is only
‘suggestive’ to avoid the over-estimation of significant
residual linkage as described in this study. The proposed
simulation is conditional on the observed genotypes and
under the null hypothesis that the SNP is the sole cause
of excess sharing in the region. Hence, the effect and
gene action of the SNP are assumed known when in
practice they are only estimated. Simulation results are
stored for only those replicates for which the linkage
result exceeds suggestive evidence for linkage. It is not
obvious how to apply this method to other pedigree
designs, trait distributions and analysis methods, and to
our knowledge the method proposed by Sun et al. (2002)
is not implemented in widely used statistical genetics
software tools. Nevertheless, these authors clearly
recognised the potential effect of underpowered linkage
studies on their proposed test statistic.
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The conclusion from this study is that, for complex
traits, residual linkage is the norm rather than the
exception when the same pedigrees are used for gen-
ome-wide linkage and subsequent association for
complex traits, even for powerful study designs.
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