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freys et al., 2001]. Recently, studies of genetic variation 
have focused on single nucleotide polymorphisms (SNPs), 
an abundant class of DNA variants that can be cheaply 
genotyped in very large numbers – the most recent ver-
sion of dbSNP [Sachidanandam et al., 2001] includes 
about 10 million such polymorphisms, and it is likely that 
many more exist [Carlson et al., 2003]. 

 Like other genetic polymorphisms, these SNPs are not 
independent, but exhibit complex relationships. For most 
of them, a single mutation event in the distant past re-
sulted in the two alleles that exist today. The original copy 
of the mutant allele was confi ned to a specifi c haplotype 
belonging to a specifi c individual in a specifi c population. 
Over time, this allele may have spread to other haplotypes 
through recombination, gene-conversion, or recurrent 
mutation; it may have spread to other populations by mi-
gration of its carriers; and it may have changed in fre-
quency due to natural selection (which can even change 
the frequencies of neutral alleles through a process known 
as hitch-hiking) or genetic drift. Together, these phenom-
ena have resulted in specifi c patterns of linkage disequi-
librium and population structure in modern popula-
tions. 

 Linkage Disequilibrium in the Genome 

 Linkage disequilibrium refers to association between 
tightly linked SNPs. This type of association can exist, for 
example, because one allele is preferentially fl anked by a 
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 Abstract 
 This brief review provides a summary of the biological 
causes of genetic association between tightly linked 
markers – termed linkage disequilibrium – and unlinked 
markers – termed population structure. We also review 
the utility of linkage disequilibrium data in gene mapping 
in isolated populations, in the estimation of recombina-
tion rates and in studying the history of particular alleles, 
including the detection of natural selection. We discuss 
current understanding of the extent and patterns of link-
age disequilibrium in the genome, and its promise for 
genetic association studies in complex disease. Finally, 
we highlight the importance of using appropriate statis-
tical procedures, such as the false discovery rate, to max-
imize the chances of success in large scale association 
studies. 

 Copyright © 2005 S. Karger AG, Basel 

 Introduction 

 Genetic variation can determine disease susceptibility 
[Botstein and Risch, 2003], elucidate the history of hu-
man populations [Underhill et al., 2000], and provide the 
tools for understanding basic biological processes [Jef-
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short stretch of the ancestral haplotype where it fi rst orig-
inated through mutation or entered a particular popula-
tion through migration ( fi g. 1 ). For the majority of non-
selected alleles, linkage disequilibrium is gradually bro-
ken down by recombination and gene-conversion, and 
regenerated by genetic drift. In most human populations, 
LD extends for relatively short distances, on the order of 
10s to 100s of kb, in most genomic regions [Abecasis et 
al., 2001; Reich et al., 2001]. In a few cases, LD may ex-
tend for longer distances, for example, when the effective 
population size is small or in populations that have un-
dergone recent admixture [Zhu et al., 2005]. 

 While population structure can result in strong asso-
ciation between SNPs that differ in frequency between 
the individual subpopulations, it is important to note that 
its effects are not restricted to linked SNPs. Association 
signals that are due to population structure occur when 
particular variants are sequestered in a geographically or 
culturally isolated populations. Over time, mutation and 
genetic drift produce unique patterns of variation in these 
isolated populations – for example, alleles that are rare in 
other populations can become common in isolated popu-
lations, and some other alleles may be lost altogether. 
Thus, allelic association due to population structure will 
occur between both linked and unlinked markers, and 
care must be taken when using these populations for gene 
mapping. Although most genetic polymorphisms are 
shared between many populations, a fraction shows sub-
stantial differences in frequency between populations 
[Rosenberg et al., 2002]. 

 Our understanding of linkage disequilibrium and pop-
ulation structure has advanced greatly in recent years. For 
example, early studies of linkage disequilibrium focused 
on HLA [Tomlinson and Bodmer, 1995], single isolated 
genes [Chakravarti et al., 1984a, b; Jorde et al., 1994], and 
later on describing the average correlation between near-
by SNPs [Abecasis et al., 2001; Reich et al., 2001]. More 
recent studies examined regional variation in linkage dis-
equilibrium patterns and showed that ‘step-like’ patterns 
in the decay of disequilibrium are common [Daly et al., 
2001; Dawson et al., 2002; Gabriel et al., 2002]. Togeth-
er with the results of new sperm-typing studies [Jeffreys 
et al., 2001], these observations have suggested that most 
recombination events in humans may occur in tightly lo-
calized hotspots. Future linkage disequilibrium studies 
will allow the construction of very fi ne-scale maps of re-
combination [Zhang et al., 2002; McVean et al., 2004] in 
the genome, and provide insight into the underlying bio-
logical processes. 

 Uses of Linkage Disequilibrium Data 

 One of most signifi cant applications of linkage dis-
equilibrium to date has been the study of rare diseases in 
isolated populations. In addition to greater phenotypic 
homogeneity and reduced genetic diversity, these popula-
tions often exhibit high levels of linkage disequilibrium 
because of genetic drift [Peltonen et al., 2000]. In these 
populations, rare disease alleles are often surrounded by 
extensive (up to several megabases) haplotypes that are 
shared between many affected individuals – a phenom-
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  Fig. 1.  Pictorial representation of the origin of linkage disequilib-
rium. Most SNP alleles originated with the mutation of a single 
ancestral chromosome. In the fi gure, this hypothetical ancestral 
chromosome is colored in black, and the mutant allele is indicated 
by the red star (*). Present-day carriers of this mutant allele will 
also carry a small surrounding stretch of the ancestral chromosome. 
Alleles within these short stretches are not associated randomly, but 
instead often appear in the same confi guration as in the original 
mutant chromosome, and are said to be in linkage disequilibrium. 
The exact length of this conserved stretch will depend on local rates 
of recombination, gene conversion, and mutation, since all of these 
phenomena erode the original ancestral chromosome. Population 
history, especially through genetic drift and natural selection, also 
plays a role as it shapes the genealogy of individual alleles and de-
termines the number of rounds of mutation, recombination and 
natural selection to which each allele is subjected. 
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enon that has facilitated the localization and identifi ca-
tion of many disease genes [Peltonen et al., 2000]. 

 Linkage disequilibrium data has also been useful in 
studies of the history of individual loci or alleles, within 
a population. Because linkage disequilibrium is expected 
to be most extensive surrounding relatively young alleles 
(which are either the result of recent mutation or migra-
tion events), the pattern of linkage disequilibrium around 
specifi c alleles can be used to date their origin and to iden-
tify alleles that have undergone positive selection – posi-
tively selected alleles increase in frequency rapidly and 
are surrounded by more linkage disequilibrium than oth-
er alleles of similar frequency. Examples include studies 
of the CCR5- � 32 allele [Stephens et al., 1998], which con-
fers resistance to AIDS, and alleles at the G6PD and 
CD40 loci [Sabeti et al., 2002], which confer resistance to 
malaria. In both cases, there are very long conserved hap-
lotypes surrounding the disease resistance alleles. The ex-
ample of malaria resistance is particularly interesting, 
since extended linkage disequilibrium is observed sur-
rounding alleles that confer resistance to infection in hu-
mans [Sabeti et al., 2002] and surrounding alleles that 
confer resistance to commonly used treatments in the ma-
laria parasite  Plasmodium falciparum  [Wootton et al., 
2002]. The conserved haplotypes and extended linkage 
disequilibrium are the signature of positive selection – 
which rapidly increased the frequency of alleles confer-
ring resistance (to infection in humans and to treatment 
in  P. falciparum ) without allowing recombination to 
erode the ancestral haplotypes where these alleles origi-
nated. 

 Despite many important applications, such as the 
study of recombination rates, gene identifi cation in iso-
lated populations and the demonstration of natural selec-
tion, the use of linkage disequilibrium data that has gen-
erated the most interest is in the detection of association 
between common variants and common disease [Cardon 
and Abecasis, 2003]. Specifi cally, knowledge of patterns 
of linkage disequilibrium in the genome means that care-
fully selected sets of SNPs [Johnson et al., 2001; Cardon 
and Abecasis, 2003; Carlson et al., 2004] can provide use-
ful information on much larger sets of unobserved vari-
ants. This means that comprehensive surveys of human 
polymorphism can be carried out even when it is too cost-
ly, or otherwise impractical, to survey all known variants 
(at this point,  1 10 million). This possibility provided the 
impetus for the soon to be completed Human Haplotype 
Map Project [The International HapMap Consortium, 
2003], which has already provided information on the 
patterns of variation and linkage disequilibrium for 

 1 1,000,000 SNPs (genotype data publicly available at 
http://www.hapmap.org), and has led to the development 
of many statistical methods that attempt to use linkage 
disequilibrium to learn about the properties and effects 
of unobserved alleles [see Durrant et al., 2004 for a recent 
example]. Results for a similar genome-wide survey of 
linkage disequilibrium including  � 1.5 million SNPs have 
just been reported [Hinds et al., 2005]. Hinds and col-
leagues [2005] have placed their data in the public do-
main and it is likely that it will quickly be used to help 
design many gene mapping studies. 

 Linkage Disequilibrium in Genome-Wide 
Association Studies 

 Linkage disequilibrium between markers examined in 
a particular association study and unexamined markers, 
means that it is possible to survey substantial fractions of 
human variation in a cost-effective manner. This is true 
whether randomly selected SNPs, evenly spaced SNPs or 
carefully selected tag SNPs are genotyped. While the lat-
ter approach is likely to be most effi cient on a per SNP 
basis, it is possible that designs based on randomly se-
lected SNPs might be more effi cient on dollar basis. This 
dichotomy results because some platforms can assay very 
large numbers of unselected SNPs for extremely low cost 
[Matsuzaki et al., 2004]. While we are still waiting for re-
sults of the fi rst genome-wide association studies, results 
of many smaller studies show the approach is likely to be 
effective. For example, genetic association studies can 
demonstrate the impact of polymorphism in specifi c 
genes on mRNA transcript levels [Morley et al., 2004], 
protein levels [McKenzie et al., 2001] and protein activ-
ity levels [Zabetian et al., 2001; Zabetian et al., 2003] 
even when causal variants are not genotyped. In each of 
these cases, linkage disequilibrium between trait-modify-
ing alleles and other nearby variants meant that genotyp-
ing a relatively small number of markers [McKenzie et 
al., 2001; Zabetian et al., 2001; Morley et al., 2004] near 
the trait locus was suffi cient to demonstrate a genetic ef-
fect, before more comprehensive studies of genetic varia-
tion were undertaken. Even for complex traits, there is 
convincing evidence that linkage disequilibrium will of-
ten lead to detectable association at alleles that surround 
a trait locus but are not themselves causal [Martin et al., 
2000] – again leading to the prospect of cost-effective, 
large-scale association studies. 

 Linkage disequilibrium between variants and haplo-
types tested within a particular study, however, presents 
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important analytical challenges. Specifi cally, we might 
expect to detect association with multiple SNPs (or hap-
lotypes), even when a single disease allele exists. How-
ever, conventional statistical techniques are designed to 
assess signifi cance in situations where a single alternative 
hypothesis is true (i.e., a single marker shows association). 
The problem is even more severe when scans of candidate 
regions are expanded to a genome-wide scale, at which 
multiple disease susceptibility alleles might be presented. 
As these large scale association studies are carried out in 
the next few years, it will be important to accurately as-
sess the information for association they provide while 
taking into account the dependence between measured 
SNPs and haplotypes, as well as the possibility of multiple 
associated markers. The Bonferroni correction and other 
conventional statistical techniques that assume indepen-
dent data are likely to be ineffi cient in these settings, and 
in the next section we discuss some promising alterna-
tives. An emerging, and potentially very useful, class of 
methods based on the coalescent [Morris et al., 2002; 
Zollner and Pritchard, 2004] is not discussed here. 

 Statistical Approaches to Large-Scale 
Association Studies 

 A large number of statistical methods have been pro-
posed to evaluate association between individual mark-
ers, haplotypes and chromosomal regions (for examples 
of each of these approaches, [see Abecasis et al., 2000b; 
Schaid et al., 2002; Zaykin et al., 2002; Durrant et al., 
2004; Lin et al., 2004]). Whatever analytical approach is 
selected, one important consideration will be evaluating 
the signifi cance of fi ndings while accounting for a large 
number of potentially correlated tests. 

 The standard approach to controlling statistical sig-
nifi cance is to defi ne a threshold for the test statistic of 
interest which is exceeded by chance very rarely and con-
trol the total number of false positives per study, even 
after accounting for testing all available SNPs, haplo-
types, or chromosomal regions. This threshold can be cal-
culated by either simulating the null distribution of the 
data, usually by permuting case and control labels [for an 
effi cient implementation and discussion of related issues, 
see Dudbridge and Koeleman, 2004] or by using a strin-
gent Bonferroni threshold which becomes increasingly 
conservative when markers are in linkage disequilibrium. 
This approach is most appropriate when we expect that 
a single hypothesis among the set of tested hypothesis is 
true. This is unlikely to be the case in large scale associa-

tion studies, since multiple susceptibility alleles are likely 
to exist for any complex disease and, through linkage dis-
equilibrium, each susceptibility allele can result in ge-
netic association between the trait and multiple SNPs. 
Instead of searching for a single extreme statistic, there is 
growing interest in methods that search for a set of un-
usual results, but less extreme, results. It is likely that 
these methods will provide more power for complex dis-
ease association scans [Wille et al., 2003]. 

 Many of these approaches can be implemented through 
simulation (for example, to compare expected and actual 
number of tests to exceed some threshold; or to evaluate 
the empirical distribution of composite statistics combin-
ing information from many markers). We believe that a 
useful complement to these simulations will be the false 
discovery rate [FDR, Benjamini and Hochberg, 1995], a 
computationally inexpensive calibration procedure for 
multiple testing that has gained popularity in recent years. 
The method (illustrated in  fi g. 2 ) is appropriate when a 
large number of hypothesis tests are carried out, and we 
expect to reject the null hypothesis for several of them. 
Rather than accepting or rejecting individual hypothesis, 
the method identifi es a subset of hypotheses were the null 
is unlikely to be true, and controls the proportion of false 
positives within this subset. For example, if we set the 
false discovery rate to 0.20, and identify 100 associated 
SNPs in a particular association study, we expect that 
about 80 of them are truly associated with the trait (di-
rectly or through LD) whereas the other 20 might be false 
positives. 

 The method has been widely applied in gene-expres-
sion studies [see Tusher et al., 2001; Rhodes et al., 2002; 
Rhodes et al., 2004 for examples]. Work by Genovese and 
Wasserman [2002] and by Storey [2002] has shown that 
control of the false discovery rate leads to a gain in pow-
er relative to a standard multiple testing adjustment using 
Bonferroni’s correction, which controls the total number 
of false positives. There is extensive statistical literature 
on estimation of false discovery rates and related quanti-
ties [Storey, 2002; Storey and Tibshirani, 2003], and the 
original procedure by Benjamini and Hochberg [1995] 
remains popular. Of crucial importance for genetic stud-
ies is recent work [Benjamini and Yekutieli, 2001] show-
ing that the original method, developed under the as-
sumption of independence, can be applied in situations 
where the results of hypothesis tests are positively corre-
lated (as is the case with nearby SNPs that are in linkage 
disequilibrium). 

 We believe that statistical methods based on the FDR 
could help investigators evaluate interim results of ge-
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  Fig. 2.  To illustrate the advantages of the FDR approach, we sim-
ulated a simple genetic association study using SNPs.  In order to 
mimic patterns of linkage disequilibrium in real data, publicly 
available data from the two densely typed regions [The Interna-
tional HapMap Consortium 2003] was used to generate simulated 
genotypes. The two regions (ENCODE 113 and ENCODE 131) 
include a total of 1,643 SNPs with minor allele frequency of >5% 
in the HapMap CEU samples. We simulated a simple quantitative 
trait whose levels depended on genotypes for marker rs2389380, a 
SNP approximately in the middle of region 1 (ENCODE 113) and 
tested for association between the trait and each of the other indi-
vidual SNP polymorphisms using standard methods [Abecasis et 
al., 2000a]. Next, we determined signifi cance thresholds for an 
overall error rate  �  = 0.05 using the Bonferroni and FDR approach-
es [Benjamini and Hochberg, 1995], either when each region was 
analyzed separately (top) or for a joint analysis of the two regions 
(bottom). Notice that, even when the two regions are analyzed sep-
arately (top), none of the statistics exceeds the Bonferroni threshold 
for signifi cance ( �  = 0.05/1,642). The Bonferroni threshold ensures 

no more than one false positive every 20 studies but it is much too 
stringent because the test statistics are correlated – that is, although 
1,642 SNP polymorphisms were tested, there are many fewer than 
1,642 independent tests. The correlation between test statistics is 
illustrated by the runs of similar test statistics along the graphs. In 
contrast to the Bonferroni threshold, which depends only on the 
number of tests performed, the FDR threshold is adaptive and ad-
justs to the observed results. We set the false discovery rate at  �  = 
0.05, ensuring that only 1 in 20 among results exceeding the sig-
nifi cance threshold should be a false-positive. In region 1, which 
shows an excess of large test statistics, the threshold is set at  � ² = 
16.42. This threshold should be exceeded by chance once in ~3,500 
tests, but it is exceeded 5 times in the data and all fi ve associated 
SNPs are within 50 kb of the simulated trait alleles. In contrast, in 
region 2, there is no excess of large test statistics and the FDR and 
Bonferroni thresholds are the same. The FDR approach correctly 
identifi es a set of associated SNPs even when we analyze two re-
gions jointly (bottom). 
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nome-wide association studies before extensive simula-
tions can be carried out. Compared to techniques that 
defi ne a stringent threshold to control the total number 
of false positives, the FDR should lead to gains in power 
that could be important for the success of large-scale ge-
netic association studies. The FDR appraoch has been 
evaluated in the context of genome-wide association stud-
ies by Sabatti et al. [2003] and also Devlin et al. [2003]. 

 Conclusions 

 Human population history has resulted in substantial, 
but varying, levels of linkage disequilibrium throughout 
the genome. Advances in genotyping technology have 
made possible genetic association studies on a very large 
scale, and we expect that these will enable lead to the 
identifi cation of alleles involved in susceptibility to many 
complex diseases. It is likely that these endeavors will be 
aided by the incorporation of novel statistical approach-
es, such as the false-discovery rate approach, in the anal-
ysis of gene-mapping data, a process that is already un-
derway. 
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