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Abstract
Linkage disequilibrium has been a powerful tool in identifying
rare disease alleles in human populations. To date, most
research has been directed to isolated populations which have
undergone a bottleneck followed by rapid exponential expan-
sion. While this strategy works well for rare diseases in which
all disease alleles in the population today are clonal copies of
some common ancestral allele, for common disease genes with
substantial allelic heterogeneity, this approach is not predicted
to work. In this paper, we describe the dynamics of linkage
disequilibrium in populations which have not undergone a
demographic expansion. In these populations, it is shown that
genetic drift creates disequilibrium over time, while in ex-
panded populations, the disequilibrium decays with time. We
propose that common disease alleles might be more efficiently
identified by drift mapping – linkage disequilibrium mapping
in small, old populations of constant size where the disequilib-
rium is the result of genetic drift, not founder effect. Theoreti-
cal models, empirical data, and simulated population models
are presented as evidence for the utility of this approach.
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Introduction

While population geneticists study the dy-
namics of linkage disequilibrium in popula-
tions, genetic epidemiologists and gene map-

pers use linkage disequilibrium as a tool to
localize genetic factors involved in the etiolo-
gy of diseases. Here, we outline an intuitive
description of the various evolutionary forces
which create and dissolve linkage disequilib-
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rium – using analogies to subdivided popula-
tions with migration. We furthermore discuss
how linkage disequilibrium, which has been
generated by genetic drift in populations that
have been of constant size over longer time
periods, might be useful to find genes in-
volved in common genetic diseases and dis-
cuss data from some populations of different
demographic histories as well as some simula-
tions to illustrate this prediction. In this con-
text, we also demonstrate that for linkage dis-
equilibrium mapping to work, one need not
assume that a single ancestral mutation is
responsible for a large proportion of disease
cases in a present-day population, since genet-
ic drift can create linkage disequilibrium
around disease loci in the absence of such
founder effects.

The Evolution of Disease Loci and
Surrounding Chromosomal Regions as
‘Population Subdivision’

Let us assume that at some arbitrary point
in time, we can stratify a gene of interest into
two classes of alleles, ‘D’ = the population of
alleles which predispose to a phenotype of
interest (e.g. disease), and ‘+’ = the population
of alleles at this locus which do not increase
the probability of expressing said phenotype.
Within the ‘+’ class will be found the ‘wild-
type’ form of this gene, and all of its polymor-
phisms which are phenotypically silent rela-
tive to our trait of interest, while the ‘D’ class
contains all variants of the gene which in-
crease the probability of expressing the phe-
notype. For example, in the BRCA1 gene
there are hundreds of mutations with predis-
posing effects on breast cancer [1] – in this
analysis those are considered as one ‘D’ class
of alleles, while in many diseases of the Fin-
nish disease heritage [2, 3] there may be only
one unique ancestral allele in this ‘D’ class.

For marker loci located so closely to the
disease locus that the recombination fraction
between the disease and marker loci is effec-
tively 0, the population of chromosomes in
the ‘D’ class will evolve independently of the
population of chromosomes in the ‘+’ class.
This is true because without recombination,
there is no opportunity for exchange of genet-
ic material between the ‘D’ and ‘+’ chromo-
somes. Thus, whereas the two populations of
chromosomal regions carrying the ‘D’ and ‘+’
alleles evolve independently of one another
(see fig. 1a), other unlinked parts of the ge-
nome evolve as one large population. Over
time, this can lead to substantial differences
in marker allele frequency distributions be-
tween the ‘D’ and ‘+’ populations for markers
in a neighborhood around the disease locus,
even if there were no differences in the begin-
ning. Our model demonstrates that linkage
disequilibrium can exist even when the ‘basic
assumption of linkage disequilibrium map-
ping – that a significant fraction of today’s
disease chromosomes derive from a common
ancestor’ [4] is violated, in that no linkage dis-
equilibrium or single common ancestor need
exist initially, for linkage disequilibrium to be
generated over time.

The phenomenon of genetic drift generat-
ing linkage disequilibrium between neutral
loci has been studied extensively, going back
to seminal work of Hill and Robertson [5],
and the analogy to subdivided populations of
chromosomes provides an intuitive frame-
work for studying the effects of drift in gener-
ating linkage disequilibrium, in the context of
the more extensively studied problem of allele
frequency variation between subdivided pop-
ulations [6]. The dynamics of change in allele
frequency due to genetic drift are mainly a
function of population size. When the size of
the ‘D’ population is substantially smaller
than that of the ‘+’ population, as will typical-
ly be the case, genetic drift will cause a more
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Fig. 1. a Absent recombination and mutation, the
population of chromosomes with a ‘D’ allele (size ‘ND’)
evolves independently of the population of chromo-
somes with a ‘+’ allele (size N+), while other chromo-
somes, on which the disease locus does not reside,
evolve in concert as one large population of size ND +
N+. b Effects of recombination fraction,  , in gene flow
model of linkage disequilibrium. c Mutation at the dis-
ease locus as unidirectional gene flow from the ‘+’ pop-
ulation to the ‘D’ population. Mutation rate from ‘+’ to
‘D’ is here considered to be equal to some small quanti-
ty Ì. d Population admixture/migration and its effects
on linkage disequilibrium. In this case, we model the
admixture from external population B with frequen-
cy of allele ‘D’ = PD/B, and total immigration of NB
chromosomes into the total population A area. This
would comprise NBPD/B new ‘D’ chromosomes, and
NB(1 – PD/B) ‘+’ chromosomes. Any differences in
allele frequencies between ‘D’ and ‘+’ chromosomes
due to this admixture/migration would be due to dif-
ferences between PD and PD/B, and also differences in
the distribution of allele frequencies at the marker
locus between populations A and B. e ‘Hitchhiking’
effect when selection favors a given allele, leading to its
increase in frequency in the population, due to varying
causes, as described in fuller detail by Kimura [7, chap.
6]. In this diagram, some selective advantage is con-
ferred to the D* allele, and it increases in frequency,
bringing along the 6 allele at the linked marker locus;
this effect will alter the allele frequency distribution at
the marker locus as shown with the 6 allele increasing
through selection. Note that this selective effect could
be an advantage of the D* allele, or some other tightly
linked allele on the same haplotype with D*.
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dramatic variance in allele frequencies from
one generation to the next in the ‘D’ popula-
tion. In the simplest case of a diallelic marker
locus, with frequency of pn in generation n,
E(pn+1) = pn, but Var(pn+1) = pn(1 – pn)/N from
simple binomial theory. Thus the larger the
population size, the smaller the variance in
allele frequency between generations, mean-
ing that in large populations the frequency of
an allele changes slower than in small ones.
For this reason, drift will alter the allele fre-
quency distributions at a faster rate in the
smaller ‘D’ population than in the larger ‘+’
population. The dynamics of this process for
multiallelic loci are described in more com-
plete mathematical detail elsewhere [7–9].
Generally, smaller populations acquire link-
age disequilibrium faster than bigger ones.

It is important to point out that the linkage
disequilibrium generated by genetic drift will
take the form of strongly differing allele fre-
quency distributions at marker loci in a neigh-
borhood around a disease locus between ‘D’
and ‘+’ chromosomes. However, this does not
mean there will be a ‘disease-associated hap-
lotype’. In fact, there typically will not be
such a single predominant haplotype – though
there will be strong linkage disequilibrium
between the disease locus and multiple mark-
ers. Certainly it is true that the distribution of
haplotypes surrounding the disease locus will
be different between ‘D’ and ‘+’ populations,
but there will often be such haplotypic diver-
sity within each class that haplotype-based
analysis will often not be very sensitive. This
results in a phenomenon more amenable to
detection via multiple 2-point analysis [10,
11] than haplotype or shared segment analysis
[12, 13].

In the case of a so-called ‘founder effect’,
there is fixation of alleles in the ‘D’ popula-
tion for loci in a neighborhood around the ‘D’
allele (i.e. a single disease-associated haplo-
type is created). If there were more than one,

but still limited number of founders, then one
might see a small number of haplotypes in this
sample, the relative proportions of each vary-
ing over time due to genetic drift, with one or
few likely becoming predominant over time –
as can be modeled using traditional genetic
drift theory to predict the time to fixation of
one allele (i.e. one of many ‘D’ alleles) condi-
tional on population structure, etc. In this
sense, the founder effect phenomenon can be
generated in the population of ‘D’ alleles over
time, as long as the absolute copy number of
each ‘D’ allele remains sufficiently small. In
this context, the insight of Cavalli-Sforza et al.
[14] that a ‘founder effect is clearly only an
episode of drift’ becomes apparent. In the ear-
ly stages of expansion, while the absolute
number of copies of each haplotype in the
population remains small, drift does affect
these haplotype frequency distributions – but
as the population increases, and the absolute
number of copies of each founder allele in-
creases, the variance of its allele frequency in
the next generation decreases, and genetic
drift is arrested.

Recombination as Symmetric and
Bidirectional ‘Gene Flow’

To model the decay in linkage disequilibri-
um due to recombination we can consider
recombination as bidirectional gene flow (or
exchange) between the ‘D’ and ‘+’ popula-
tions. The greater the recombination fraction
between a marker locus and the disease gene,
the greater the gene flow between ‘D’ and ‘+’
populations. As is well known from popula-
tion genetics, it does not take a substantial
amount of gene flow to equilibrate the allele
frequencies between populations. The equa-
tion for haplotype decay as proportional to
(1 –  )n, where   is the recombination fraction,
is based on models of this gene flow (between
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‘D’ and ‘+’ populations) and assumes that one
starts with a ‘founder effect’ or fixation in the
‘D’ population for surrounding marker loci. If
one does not have an equilibrium population,
and there has been no fixation of single ex-
tended haplotypes in the ‘D’ class (as is very
often the case when disease alleles have com-
bined frequency as large as 0.10), while re-
combination acts to equilibrate allele frequen-
cies between the ‘D’ and ‘+’ populations, the
genetic drift (acting faster in the ‘D’ popula-
tion than the ‘+’ population because of differ-
ences in effective population size, Ne) works
to generate new linkage disequilibrium over
time. The relative impact of these two forces
has been studied [15–17], and depends on the
number of ‘D’ chromosomes (ND) and the
number of ‘+’ chromosomes (N+; see fig. 1b),
such that the expected number of alleles ex-
changed between the two populations per gen-
eration is  ND(1 – PD), where PD is the fre-
quency of the D chromosomes in the popula-
tion: PD = ND/(ND + N+). When this value is
small, drift dominates over recombination,
and when it is large, recombination decreases
disequilibrium faster than drift can regener-
ate it. Note that when recombination acts
alone, the ‘D’ population in the next genera-
tion will on average have ND[1 –  (1 – PD)]
alleles derived from the previous generation’s
‘D’ population, and ND (1 – PD) alleles from
the previous generation’s ‘+’ population, and
thus the analogy to a population admixture
model becomes clear.

Mutation at Disease Locus as
Unidirectional ‘Gene Flow’ between
Populations

The effects of mutations at the disease-pre-
disposing locus will be to convert wild-type ‘+’
alleles into disease-predisposing alleles, which
can be modeled as unidirectional gene flow

from the ‘+’ population to the ‘D’ population
(see fig. 1c). Such mutations will bring along a
region of DNA around the disease locus and
will therefore serve to alter the allele frequen-
cy distributions of linked marker loci. This
effect will be more pronounced in the ‘D’ pop-
ulation than in the ‘+’ population, since the
former population of chromosomes is general-
ly smaller than the latter.

The mathematics of such migration mod-
els have been described, and can be applied to
understand linkage disequilibrium dynamics.
In fact, one can see that if the mutation rate
from ‘+’ to ‘D’ is Ì, and no back mutations
occur, the number of alleles at a marker locus
in the next generation’s ‘D’ population de-
rived from the previous generation’s ‘+’ popu-
lation is expected to be ÌN+ +  ND(1 – PD),
and the number of alleles derived from the
previous generation’s ‘D’ population is equal
to ND[1 –  (1 – PD)], as above. Thus, the pop-
ulation of ‘D’ chromosomes is growing slowly
due to mutations, since under most circum-
stances the rate of back mutation from ‘D’ to
‘+’ can be considered to be infinitesimally
small.

Admixture Migration as Differential
‘Migration’ to Different
Subpopulations

It is well known that population admixture
can create linkage disequilibrium [18]. The
reason for this can also be described in the
context of our model with ‘D’ and ‘+’ popula-
tions as follows. If, for example, a group of
individuals from a population B that lack ‘D’
chromosomes migrate into a population A,
then all the incoming marker alleles go into
the ‘+’ class of chromosomes. The effect of
this is to alter the distribution of nearby mark-
er allele frequencies in the ‘+’ chromosomes of
population A, while leaving those in the ‘D’
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population unchanged. If the ‘D’ class of
alleles had frequency of 0.05 in population A,
and 0.10 in population B, the admixture from
population B would affect the ‘D’ class in pop-
ulation A more than it would affect the ‘+’
class, since the proportional amount of ad-
mixture would be greater, relative to Ne (see
fig. 1d). In general, we assume the ‘D’ class to
be smaller than the ‘+’ class, so the larger
effects should typically be seen in ‘D’. Mathe-
matically speaking, if the number of chromo-
somes per generation entering population A
from population B is NB, and PD/B is the fre-
quency of the ‘D’ class of alleles in population
B, then NBPD/B chromosomes will migrate
into the ‘D’ class of alleles from population
B to population A per generation, and
NB(1 – PD/B) chromosomes will migrate into
the ‘+’ class of alleles of population A per gen-
eration. Thus, under most circumstances,
population admixture will tend to increase
differences in the allele frequency distribu-
tions of linked marker loci between the ‘D’
and ‘+’ populations.

Selection Modeled as Change in
Relative Size of Subpopulations and
Hitchhiking Effect

If selection against disease alleles occurs,
the effect is to gradually reduce the size of the
‘D’ population as well as the diversity at the
disease locus and marker loci surrounding it.
This will increase the rate of change of marker
allele frequency distributions around the dis-
ease locus, leading to greater differences be-
tween ‘D’ and ‘+’ populations. Selection can
also act to increase linkage disequilibrium
when the selection is in favor of some allele, or
when there is balancing selection in a popula-
tion to maintain some ‘D’ allele over time.
Such selection will have its most striking
effect when it is in favor of one ‘D’ allele over

the others, such that allelic diversity in the ‘D’
class of alleles will decrease as one allele
comes to predominate. This process can act in
concert with random evolutionary forces to
cause one allele to become fixed in the ‘D’
population. One striking effect can be to in-
crease the size of the ‘D’ population while
decreasing its diversity – this effect alone can
generate linkage disequilibrium over time,
due to the ‘hitchhiking effect’ whereby the
allele frequencies of existing alleles in the
region around the disease allele whose fre-
quency is rising in the population are rising
along with it (see fig. 1e).

Marker Locus Mutations – No
Equilibrium State if Ne Small

Marker locus mutation rates have been
thought of as an obstacle to doing linkage dis-
equilibrium studies in human populations
with microsatellites. It has long been known
[8] that markers with more allelic diversity
show higher amounts of linkage disequilibri-
um than less polymorphic markers, but it has
been hypothesized that the higher mutation
rates known to exist for microsatellite loci
might preclude their usefulness in mapping
studies – since mutation was thought of as a
normalizing factor [19, 20]. This makes intui-
tive sense if we are hypothesizing an equilibri-
um population in terms of the allele frequency
distribution at a microsatellite locus. How-
ever, in practice, we are dealing with popula-
tions where at least the ‘D’ class is sufficiently
small that equilibrium is not approached [21],
at least not relative to mutation at the marker
locus, such that any effects of mutation may
act to increase disequilibrium by inducing
asymmetric changes between the ‘D’ and ‘+’
populations (since marker mutation acts inde-
pendently on each). Only in large populations,
over the long term, may it lead to an approach
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to equilibrium and thus absence of linkage
disequilibrium between the ‘D’ and ‘+’ popu-
lations. It should be noted that in general,
mutation rates for microsatellites are !0.008
[19], and when marker mutation rates on this
order of magnitude (or smaller) are consid-
ered, the effects are negligible relative to ge-
netic drift and recombination, and for the
most part marker mutation can be safely dis-
regarded as a factor in decay of drift-gener-
ated disequilibrium (see simulation results
below).

Inbreeding and Assortative Mating

In general inbreeding and assortative mat-
ing will lead to a more rapid generation of link-
age disequilibrium (due to its effect on de-
creasing the effective population size), and
slower decay of such disequilibrium due to
recombination – because in systems with in-
breeding and in which there is assortative mat-
ing with respect to the genotype of the locus
under study, the primary effect is that there
will be too many individuals in the population
who are homozygous at the disease locus, and
too few heterozygotes [7, 8, 22]. In such cases,
recombination will have less effect because it is
increasingly likely that recombinations occur
between two ‘D’ chromosomes or between two
‘+’ chromosomes. On the other hand, a tenden-
cy towards inbreeding avoidance may lead to
recombination acting somewhat faster to de-
cay the disequilibrium, though when the ‘D’
allele frequency is !0.20, there are so few
homozygotes expected that this effect is mini-
mal. The effect on the gene flow between ‘D’
and ‘+’ chromosomes can be quantified in
terms of the inbreeding coefficient, f, such that
instead of having  NDN+/(ND + N+) alleles at
the marker locus flow between ‘D’ and ‘+’
populations each generation, one will have
 (1 – f )NDN + /(ND + N+) [see 23].

Constant Population Size versus
Expanded Population Size

Demographic history has dramatic impact
on each of the aforementioned forces. In a
population of constant size, new disequilibri-
um is continuously generated due to genetic
drift [17]. In our example, random sampling
of haplotypes causes a continual change in the
marker allele frequencies in the ‘D’ and ‘+’
populations, and also in the relative sizes of
the ‘D’ and ‘+’ populations. In contrast, in a
rapidly expanding population there will be lit-
tle effect of genetic drift to generate new link-
age disequilibrium (after the first few genera-
tions of expansion, when the absolute number
of chromosomes is still small), since most
alleles will be represented in each generation
in roughly the same proportions as in the pre-
ceding generation. Consequently, the allelic
composition of the population will be a snap-
shot of the conditions after the earliest stages
of the expansion (which may itself represent
the result of generations of earlier genetic
drift). In such populations, however, there is a
rapid decay in the amount of linkage disequi-
librium around a given locus, because of the
large number of opportunities for recombina-
tion and mutation, while in contrast to stable
populations there is minimal genetic drift to
generate new disequilibrium over time. Effec-
tively, population expansion arrests genetic
drift, and thus leads to populations in which
new linkage disequilibrium does not develop,
whereas recombination continues to decay ex-
isting linkage disequilibrium. A summary dia-
gram of the forces affecting linkage disequilib-
rium in constant and expanded populations is
outlined in figure 2 and table 1; the forces are
described in terms of their relative influence
on linkage disequilibrium.

We propose that the higher levels of link-
age disequilibrium generated by genetic drift
in constant populations may be usefully ex-
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Fig. 2. Summary of all the
forces acting to generate and de-
stroy linkage disequilibrium dis-
played in the context of our popula-
tion subdivision model.

ploited as a tool to map genetic loci with rea-
sonable phenotypic effects, including loci
where disease alleles have been created by
mutations far back in time and those at which
multiple recurrent mutations have occurred
over time. In this regard it is important to
remember that what we mean by linkage dis-
equilibrium is the existence of some differ-
ence in the allele frequency distribution at
some marker locus conditional on whether
‘D’ or ‘+’ alleles are present at the disease
locus. This will be the case for populations
where no demographic expansion has taken
place since genetic drift will there generate
differences in marker allele frequency distri-
butions in a neighborhood around the disease
locus, whereas all unlinked parts of the ge-
nome evolve as one single population where
consequently no differences in marker allele
frequencies conditional on the disease trait
are expected. In this approach, no single asso-
ciated marker allele need be expected, and no
single haplotype need be assumed. There will
simply be higher levels of linkage disequilibri-
um around the disease locus, as described by
Ohta and Kimura [15, 16] for selectively neu-

tral alleles, and by Franklin and Lewontin
[24] and Felsenstein [25] in the presence of
selection. At the time when the initial studies
of drift-generated linkage disequilibrium were
done [e.g. 5, 6, 15, 16, 24, 25], the major link-
age disequilibrium mapping impetus was to-
wards identifying rare alleles of strong ef-
fect, for which populations which had gone
through a bottleneck followed by rapid expan-
sion are ideal for detection of linkage disequi-
librium. Today, however, the main focus of
gene mappers is on identifying common al-
leles or allelic classes which may have smaller
individual phenotypic effects. In this search,
such expanded populations have not been
very useful, and we propose that some of the
solutions might lie rather in these stable popu-
lations which were ill-adapted to the earlier
problem of identifying rare disease alleles.

In the last sections of this paper we investi-
gate the possibilities for mapping through ge-
netic drift in constant populations as com-
pared with the common approach of using
rapidly expanded populations to identify sin-
gle haplotypes which appear due to a founder
effect.
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Table 1. Effects of various phenomena on linkage disequilibrium mapping as a function of
demographic history

Force Population structure

constant size exponential expansion

Increases Negligible effect
Higher recombination fraction Decreases Decreases
Longer time in generations Increases Decreases
Large population size Decreases Decreases
Mutation (trait locus) Minimal effect Decreases
Mutation (marker locus) Minimal effect Minimal effect
Migration Can increase Slight increase possible
Shared segment methods? No Yes
Multiple 2-point works? Yes Yes
Protective alleles detected? No No
Founder effect? No Maybe
‘D’ allele frequency Increases Decreases
Pattern of disequilibrium Random Single haplotype
No initial disequilibrium Generated over time No later disequilibrium

Decay rate in   Related to   NDN+

ND + N+
Related to (1 –  )N

Where not clearly stated, the effects given are such when the phenomenon in the first
column is increased. The effects listed under the population structure headings refer to the
effects of the phenomenon on linkage disequilibrium.

Saami and Finns

Finns and Saami (formerly known as
Lapps) are two populations that live in close
geographic proximity in Fenno-Scandinavia.
Whereas the Finns show signs of a rapid pop-
ulation expansion that probably took place
within the last few thousand years, Saami do
not present evidence of any such expansion.
When seven microsatellite loci on the X chro-
mosome were analyzed in random individ-
uals in these two populations [26], it was
found that 17 out of 21 pairwise comparisons
of highly polymorphic microsatellite loci
showed linkage disequilibrium at the 0.05 lev-
el in a sample of Saami from northern Swe-
den, whereas only two pairs did so in the
Finns. In fact, 14 of those pairs in Saami were

significant at the 0.0001 level, while only 1
was in Finns; it should be noted that that sin-
gle pair of very tightly linked loci which were
strongly associated in Finns has been shown
to be strongly associated (p ! 0.000001) in
every population studied, irrespective of pop-
ulation structure or history [26].

Furthermore, several loci exhibiting link-
age disequilibrium in the Saami were sepa-
rated by more than 10 Mb. The same situa-
tion obtains in several other small popula-
tions that have been of constant size over long
time according to analyses of DNA sequence
variation, while many other large and small
expanded populations behave like the Finns
[Laan et al., unpubl. observations]. Thus, it
seems that several nonexpanded human pop-
ulations exhibit levels of drift-generated link-
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age disequilibrium that would potentially al-
low for the detection of disease loci by a
genomic screen for linkage disequilibrium.

If one is applying haplotype analysis meth-
ods or searches for shared chromosomal seg-
ments, the high levels of marker to marker
linkage disequilibrium may increase the rate
of false positives [4, 27, 28]. Shared segment
approaches are thus anticonservative because
of the background linkage disequilibrium be-
tween markers – whether or not there is a dis-
ease allele in their vicinity. Furthermore,
drift-generated linkage disequilibrium is not
expected to present itself in the form of pre-
dominant shared segments or haplotypes. As
a result, such approaches to gene mapping are
not very powerful when linkage disequilibri-
um is present since it will not take this form.
In contrast, single marker analysis should
benefit from the marker-marker correlations
– in that much less multiple testing correction
is needed – much like the well-studied situa-
tion in linkage analysis [27, 29]. Multiple two-
point analysis [10, 11] is expected to be close
to optimal for detecting this type of linkage
disequilibrium, because the decay in the
amount of disequilibrium between marker
loci and disease locus is a function of the
recombination fraction, and population size
and structure. Methods based on the likeli-
hood of multiple marker data as a function of
this predicted decay in disequilibrium [see 11,
21] are under development.

In order to demonstrate empirically that
the disequilibrium between linked markers
does not increase the false-positive rate, the
data of Laan and Pääbo [26] were subjected to
a randomization analysis. In this analysis, we
randomly assigned observed haplotypes of the
seven loci in their study to be either cases or
controls and then performed contingency ta-
ble ¯2 tests of linkage disequilibrium for each
marker independently. From this, we deter-
mined the pointwise false-positive rate for

each marker locus to show that there is no
increased false-positive rate from this analy-
sis. Then, we identified the most significant
statistic over the seven markers analyzed, and
looked at the false-positive rate over this re-
gion. For both samples, after 100,000 ran-
domizations, the false-positive rates were con-
sistent with what was expected for each of the
marker loci in the sample, in a single marker
locus analysis. However, when one identified
the most significant of the seven loci, in
Finns, the probability of this being significant
at the 0.05 level was 0.27, which is also the
value one expects if the tests were indepen-
dent at each locus (i.e. 1 – ¶[1 – pi]), given the
pi estimates from the randomizations. How-
ever, for the Saami, this probability was only
0.19, where it was expected to be 0.265 if the
tests were independent. For a p value of 0.01,
the corresponding false-positive rates were
0.042 in Finns, and 0.029 in Saami compared
to expected (under independence) rates of
0.041 and 0.039, respectively. This indicates
that the presence of marker-marker disequi-
librium, as predicted, leads to a decrease in
the region-wide false-positive rates in the
Saami, while in the rapidly expanded Finnish
population, a Bonferroni correction is indi-
cated because the tests of disequilibrium with
even these tightly linked loci behave as inde-
pendent tests.

Simulated Population Data

In order to simulate the extent to which the
predictions outlined above can be expected to
hold, simulations were performed for a given
starting population size and frequency for the
allelic class ‘D’. Disease locus genotypes were
simulated assuming Hardy-Weinberg equilib-
rium, and marker locus genotypes (with
phase) were simulated independently of the
disease locus (i.e. no linkage disequilibrium is
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Fig. 3. Power calculations to
demonstrate the effects of different
phenomena on detectability of
linkage disequilibrium between a
marker locus and the disease locus
genotypes. Note that for purposes
of this figure, the simulated condi-
tions were selected to demonstrate
the effects of the various phenom-
ena; thus the conditions do not
represent the most powerful sit-
uations but rather situations for
which the power varies as a func-
tion of the different parameters in
an obvious manner. a Effects of
marker heterozygosity – in this
simulation, P(‘D’) = 0.20, con-
stant population sizes (500, 1,000,
5,000, and 10,000 founder individ-
uals), and 30 generations since
population founding with no initial
disequilibrium. Marker heterozy-
gosity is simulated by altering the
number of equally frequent alleles
(X axis). When P(‘D’) is smaller,
the powers are substantially higher;
this value was selected to illustrate
the effects of marker heterozygosi-
ty on linkage disequilibrium. b Ef-
fects of population expansion on
linkage disequilibrium – in this
simulation, P(‘D’) = 0.20; the
marker locus has 4 equally frequent
alleles, and recombination fraction
of 0.025 between disease and
marker loci are assumed. When   is
smaller, the effect of expansion rate
is attenuated somewhat, and when

assumed to exist in the first generation). Mat-
ing pairs were selected randomly from the
population, assuming one mate of opposite
sex per individual, with the number of chil-
dren per couple distributed according to a
Poisson distribution with mean Ï. When Ï = 2
the population size is roughly constant, and
when Ï 12 the population is exponentially
expanding. Segregation of disease locus alleles
to each child was random, with marker locus

segregation being simulated conditional on
disease locus transmission according to the
recombination fraction,  . Mutations at the
disease locus were simulated in one direction
‘+’→ ‘D’ with small probability, back muta-
tion assumed to be negligibly rare. At the
marker locus mutations were assumed to fol-
low a one-step model, wherein if a mutation
occurs, the microsatellite allele size changes
by one repeat unit up or down, with slight

a

b
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P(‘D’) is smaller the powers are
higher in general. Initial popula-
tion sizes (N = 200, 500, 1,000,
2,000, and 5,000) are shown; note
that the populations are expanding
exponentially, so the population
from which the cases and controls
were ascertained can be substan-
tially larger than this number.
c Effects of time and recombina-
tion fraction on linkage disequilib-
rium – in this simulation, P(‘D’) =
0.20, and 4 equally frequent mark-
er alleles are assumed – recombina-
tion fractions (  = 0, 0.025, 0.05,
and 0.15) and time in generations
since the initial generation (where
there was no disequilibrium) are
varied to demonstrate their relative
and combined effects. d Effects of
recombination fraction on power
to detect linkage disequilibrium. In
this simulation, P(‘D’) = 0.20; 4
equally frequent marker alleles,
mutation rate (+→D) of 0.001;
marker mutation rate of 0.008, and
population size = 1,000. Power af-
ter 10, 30, and 50 generations is
shown as a function of recombina-
tion fraction between disease and
marker,  .

directional bias toward the center of the dis-
tribution. This process was repeated sequen-
tially to simulate N generations.

To determine the power of the population
to detect linkage disequilibrium, 100 chromo-
somes from the ‘D’ population and 100 from
the ‘+’ population were ascertained randomly
and a contingency table ¯2 test was per-
formed; this was repeated 1,000 times to esti-
mate the power to detect linkage disequilibri-

um between alleles at the disease and marker
loci for a given population structure after N
generations. This power calculation was per-
formed for each simulated replicate of the
population history and structure. In each case,
100 such populations were simulated, with
the average powers being presented in fig-
ure 3. To look at the effect of the mode of
inheritance, trait phenotypes were simulated
conditonal on genotypes at this locus accord-

c

d
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ing to some predetermined mode of inheri-
tance, and again 50 cases and 50 controls (100
chromosomes per sample) were randomly as-
certained from the population. Optionally
parental controls can be used by this program
according to the haplotype relative risk ascer-
tainment procedure [see 30]. Selective neu-
trality was assumed for purposes of this study,
but the software is written to allow for selec-
tion by censoring individuals from the next
mating generation with probabilities condi-
tional on disease locus genotype. This soft-
ware is available from the authors by E-Mail
request (to jdt3@columbia.edu) if the reader
would like to simulate certain specific condi-
tions, not given in this paper.

We first investigated the effects of marker
heterozygosity on the power to detect linkage
disequilibrium in constant populations of var-
ious sizes, as shown in figure 3a. In this analy-
sis, we assumed the ‘D’ class of alleles to have
frequency of 20%, and absence of recombina-
tion between disease and marker loci. In each
replicate, n equally frequent alleles were simu-
lated in populations of varying sizes, demon-
strating that the more polymorphic the mark-
er, the higher the chance to detect linkage dis-
equilibrium, even when the marker locus mu-
tation rate is assumed (as it was here) to be as
high as 0.008 [19]. When the ‘D’ class of
alleles is less frequent, the power can be sub-
stantially higher (data not shown) – the pur-
pose of this analysis is to demonstrate the
trend. It is clearly notable that smaller popula-
tions exhibit higher levels of disequilibrium
than larger ones, also as predicted by the drift
model. Larger populations can exhibit equally
large levels of disequilibrium depending on
the assumed distribution of marker allele fre-
quencies and ‘D’ allelic class frequency, con-
sistent with empirical data [26].

To examine the effects of population ex-
pansion on the ability to detect linkage dis-
equilibrium, we simulated populations with

initial sizes of 200, 500, 1,000, 2,000, and
5,000, with a mean number of offspring per
couple ranging from 2 (constant population
size) to 3 (rapid exponential growth of 150%
per generation). The frequency of ‘D’ in the
Nth generation was not specified or con-
trolled, and the ‘D’ class alleles are sometimes
completely lost in the smallest populations, or
there were fewer than 100 ‘D’ chromosomes
in the population from which the data were
ultimately ascertained – in those circum-
stances, the ‘D’ sample is decreased as re-
quired, leading to the lower power in this sam-
ple, despite possibly higher levels of genetic
drift. The results are shown in figure 3b. What
one can see is that even small rates of popula-
tion expansion prevent linkage disequilibri-
um from being generated in the 30 genera-
tions time-simulated in this analysis. In this
example, a four-allele marker locus was simu-
lated, with recombination fraction of 0.025
between marker and disease loci. The slight
increase in power observed when moving
from population size of 200 to population size
of 500 (at no or very low expansion rates) has
to do with the decreased probability of the ‘D’
class being eliminated due to drift in the larger
population.

In figure 3c, we examine the effects of time
and recombination fraction on the power to
detect linkage disequilibrium – here in a con-
stant population of starting size 1,000, and a
marker locus with 4 equally frequent alleles.
As can be seen, the disequilibrium increases
with time, to some stable ‘equilibrium’ be-
tween the effects of recombination fraction
(decreasing disequilibrium) and genetic drift
(increasing disequilibrium). The important
factor here is that linkage disequilibrium
created by genetic drift does not disappear
with time, as opposed to linkage disequilibri-
um in rapidly expanded populations caused
by a founder effect. As shown in the simula-
tions in figure 3b, in expanded populations,
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the disequilibrium does disappear (or more
accurately fails to appear) as time increases.
In light of these results we propose that small
populations of constant size might be of more
utility in gene mapping of common ‘D’ classes
of alleles. To address the issue of how quickly
the disequilibrium decays with respect to the
recombination fraction, figure 3d shows this
relationship in terms of power to detect the
disequilibrium assuming a population of con-
stant size 1,000, a 4-allele marker, and P(‘D’)
= 0.20 as above. As one can see, the power
does drop substantially as one goes to increas-
ing genetic distances, but consistent with the
results in figure 3c, the power is still fairly
large even at a genetic distance of   = 0.10.

To analyze the observation that in isolated
populations of constant size there is an abject
absence of rare recessive diseases [31], in con-
trast to the diseases of the Finnish disease her-
itage [2, 3] (which remain in large numbers
due to rapid population expansion), ‘D’ allele
frequencies of 0.01 and 0.001 were simulated,
in which case fixation of the ‘+’ allele occurs
rapidly in the constant populations, while in
the expanded populations there was much
higher probability of it being maintained
through the expansion (data not shown). This
observation was consistent with empirical
evidence. Similarly in those situations where
a single founder chromosome was main-
tained, the predicted single haplotype was
also preserved over a long distance around the
disease locus consistent with predictions and
empirical evidence.

When one is hoping to detect allelic asso-
ciations with a complex phenotype, one will
obviously need larger sample sizes than to
detect linkage disequilibrium between mark-
ers and disease locus genotypes [32–35]. Just
how much lower the power will be is a func-
tion of the genotype-phenotype relationship,
the distribution of alleles at other disease-pre-
disposing loci in a given population, and other

etiological covariates (be they genetic, envi-
ronmental, or cultural). In small populations
of stable demographic history, the chance for
fixation of alleles at additional loci involved
in the etiology of disease is high [7, 8], poten-
tially increasing or decreasing the power (due
to the potentially increased amount of genetic
homogeneity in the population and corre-
spondingly lower levels of genotypic and phe-
notypic variability).

Complex Disease Genetics and Drift
Mapping

There has been a great deal of effort in-
vested to try and identify genetic factors
which have some predisposing influence on
common phenotypes. To date only linkage
analyses on large pedigrees [e.g. 36–39] and
candidate gene analyses [e.g. 40–42] have
been successful in gene identification. To this
end, it has been proposed that linkage disequi-
librium methods might provide a solution
[32]. However, as these results indicate (see
fig. 3b) such studies may be doomed to fail-
ure in expanded populations. Most linkage
disequilibrium mapping studies have looked
at populations which have undergone a bot-
tleneck followed by rapid expansion to try
and identify unique disease-associated hap-
lotypes. This protocol can be successful only
in diseases where the ‘D’ allele is rare (relative
to Ne) and its effect on the phenotype is large
[e.g. 12, 13, 43, 44], and/or selective pressure
in the past may have led to an increase in the
frequency of a specific ‘D’ allele at some point
in history [44, 45]. It is proposed that small
populations of constant size (including those
with recent admixture) might hold some of
the solutions to this problem [see 46–49] pro-
vided that sufficient epidemiological infor-
mation can be made available [see 50–57].
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It has been questioned [4] whether ‘... the
allelic complexity of common diseases [will]
turn out to be sufficiently low for LD mapping
to work, even in young isolated populations’.
If one considers this model for drift-generated
linkage disequilibrium, it may turn out that
allelic complexity is not such a significant
impediment, but that young isolated popula-
tions may be far from ideal when disease
alleles are common. Perhaps it is in the older
constant-sized populations where some of the
solutions may be found.

Conclusions

In summary of the model, let us refer back
to figure 2, in which the major forces affecting
the dynamics of linkage disequilibrium are
illustrated, and table 1 in which the effects of
the various phenomena are delineated. It is
clear that for mapping of rare diseases of
strong effect, populations which have under-
gone a bottleneck followed by rapid expan-
sion may be optimal, as evidenced by the suc-
cessful mapping studies of the Finnish disease
heritage [2, 58–60]. This same result may
apply if selective pressure may have caused a
disease allele to increase in frequency at some
point in the past due to a hitchhiking effect.
However, for disease alleles which are com-
mon relative to the population size, and for
which selective neutrality is assumed (for
most common oligogenic diseases – typically
of late age of onset – selection can largely be
ignored), there may be no detectable linkage
disequilibrium in these rapidly expanded
populations.

In contrast, populations of small constant
size generate new disequilibrium faster than
recombination can make it disappear, such
that in large populations the disequilibrium is
only generated over small regions, while in
small populations it can extend over very

large regions. This disequilibrium, while not
presenting a ‘disease-associated’ haplotype,
can be detected in case control studies using
two-point or multiple pairwise approaches.
To this end, for mapping of disease loci whose
‘D’ class of alleles is large relative to Ne, small
constant populations may provide the best
solution. This may be so, not only because of
the high amount of linkage disequilibrium in
such populations, but also because for oligo-
genic traits, there is likely to be a smaller num-
ber of additonal predisposing genes segregat-
ing in those populations (other disease alleles
at other loci may be fixed or lost to drift with
higher probability than in expanded popula-
tions), as well as higher levels of cultural and
environmental homogeneity. When com-
bined with recent colonial admixture, there
may be a plethora of allelic associations wait-
ing to be discovered in the right resource.
Anthropological geneticists have already used
extremely isolated populations in linkage
mapping studies [e.g. 61, 62], and it is pro-
posed that further collaboration between pop-
ulation geneticists and gene mappers might be
critical to making a success of common dis-
ease gene mapping by linkage disequilibrium.
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