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ABSTRACT
In association studies searching for genes underlying complex traits, the results are often inconsistent,

and population admixture has been recognized qualitatively as one major potential cause. Hardy-Weinberg
equilibrium (HWE) is often employed to test for population admixture; however, its power is generally
unknown. Through analytical and simulation approaches, we quantify the power of the HWE test for
population admixture and the effects of population admixture on increasing the type I error rate of
association studies under various scenarios of population differentiation and admixture. We found that
(1) the power of the HWE test for detecting population admixture is usually small; (2) population
admixture seriously elevates type I error rate for detecting genes underlying complex traits, the extent of
which depends on the degrees of population differentiation and admixture; (3) HWE testing for population
admixture should be performed with random samples or only with controls at the candidate genes, or
the test can be performed for combined samples of cases and controls at marker loci that are not linked
to the disease; (4) testing HWE for population admixture generally reduces false positive association
findings of genes underlying complex traits but the effect is small; and (5) with population admixture, a
linkage disequilibrium method that employs cases only is more robust and yields many fewer false positive
findings than conventional case-control analyses. Therefore, unless random samples are carefully selected
from one homogeneous population, admixture is always a legitimate concern for positive findings in
association studies except for the analyses that deliberately control population admixture.

COMPLEX traits refer to diseases and quantitative ceptor gene and alcoholism (Blum et al. 1990, 1991;
Gelernter et al. 1993; Pato et al. 1993; Holden 1994)traits with complex and multiple genetic and envi-

ronmental determinations. Association studies that de- and the association between vitamin D receptor geno-
types and bone mass (Morrison et al. 1994; Eismanpend on linkage disequilibrium between markers and

genes underlying complex traits have helped to deci- 1995; Peacock 1995; Gong et al. 1999).
One of the most important causes that may underliepher some genetic basis of variation of quantitative traits

and the differential susceptibility to complex diseases the inconsistent results from association studies is popu-
lation admixture (Chakraborty and Smouse 1988;(e.g., Chagnon et al. 1998). In association studies, usu-

ally, case-control analyses have been employed for com- Lander and Schork 1994; Weir 1996; Deng and Chen
2000). If a population is composed of a recent admix-plex diseases by comparing genotype or allele frequen-
ture of different ethnic groups that differ in markercies of candidate genes in unrelated cases and controls
allele frequencies and disease frequencies (or the quan-(e.g., Blum et al. 1990, 1991; Holden 1994). For quanti-
titative trait means), spurious associations may resulttative traits, analyses of variance are usually conducted
between the marker genotypes (or alleles) and the com-for random individuals to test the difference of the
plex traits. However, although the qualitative effect oftrait means among different genotypes or alleles (e.g.,
population admixture has long been well recognized,Boerwinkle et al. 1986, 1987; Deng et al. 1999; Page
the quantitative effects of population admixture underand Amos 1999). However, despite extensive efforts, the
various degrees of admixture and population differenti-results of independent association studies often fail to
ation in the marker allele frequencies and disease fre-reach consensus and result in controversy. Such exam-
quencies have rarely been systematically investigatedples are the association between the dopamine D2 re-
and are largely unknown. Investigation of such detailed
effects is necessary to assess quantitatively the impact of
population admixture on association studies and the
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such quantitative studies may also be useful in assessing and population admixture on the outcome of associa-
tion studies. Two types of analyses for complex diseasesthe robustness of the results from association studies in

relation to the samples employed. [a conventional one that employs cases and controls and
a recently developed one (Feder et al. 1996; Nielsen etFamily-based analyses such as the transmission disequi-

librium test (TDT; Spielman et al. 1993) have been al. 1999; Deng et al. 2000) that employs cases only] are
investigated. Third, we examine choices of samples anddeveloped specifically to control for population admix-

ture in association studies to identify genes underlying markers for the HWE test to detect population admix-
ture. Finally, we investigate the utility of testing HWEcomplex traits. However, compared with the case-con-

trol studies that employ random samples of individual for population admixture in association studies for re-
ducing the error rate of false positive findings of genescases and controls, the samples for the family-based

studies such as the TDT are generally much more diffi- underlying complex traits.
cult to obtain. This is particularly true in light of the
fact that only nuclear families (parents and children)
with at least one parent heterozygous at marker loci THEORY AND METHODS
are eligible for the TDT type analyses. Therefore, case-

In this section, we first present our theoretical investi-control studies are still commonly used (e.g., Deng et
gation and then outline our simulation methods. Foral. 1999) and advocated (e.g., Risch and Teng 1998) with
simplicity, we focus our investigation on associationthe hope that carefully selected and tested (through
studies of complex diseases in a population (P) admixedHardy-Weinberg equilibrium, see below) samples may
of two differentiated large subpopulations (P1 and P2).come from a homogeneous population and thus popu-
In the P1 and P2 populations, HWE holds at a markerlation admixture is not a concern.
locus in which alleles can be classified into two classes,It is well known that population admixture can lead
M and m. The frequencies of M in P1 are f1 and in P2to deviation of genotype frequencies from what are ex-
are f2. The disease prevalences are, respectively, φ1 inpected on the basis of the Hardy-Weinberg (HW) law
population P1 and φ2 in P2. The disease and the marker(Crow and Kimura 1970). It has been proposed that
locus are not associated by any cause in the P1 and P2the HW equilibrium (HWE) test should be routinely
populations. A proportion k of individuals in popula-performed at the candidate gene(s) as a method for
tion P come from population P1; the rest (1 2 k) comeassessing the potential population admixture (Tiret

and Cambien 1995) in association studies with an aim from P2. The frequencies of the M allele ( f ) and the
of effectively reducing false positive findings of genes disease (φ) in population P are then, respectively, f 5
underlying complex traits. Testing HWE at candidate kf1 1 (1 2 k)f2 and φ 5 kφ1 1 (1 2 k)φ2.
gene(s) is also a common practice in association studies The power of HWE test for population admixture at
to provide the evidence that population admixture is marker loci: To focus our investigation on the power
weak or absent (e.g., Deng et al. 1999). However, the of the HWE test for population admixture, we assume
critical questions are the following: What is the power that in population P, HW disequilibrium is entirely due
of the HWE test in detecting population admixture? to the population admixture. The HW disequilibrium
How do various degrees of population admixture and can be measured by the deviations of genotype frequen-
population differentiation affect the power of the HWE cies from those expected under the HWE (Weir 1996),
test? What samples and markers should be employed to

DMM 5 kf 2
1 1 (1 2 k)f 2

2 2 f 2 5 k(1 2 k)Df 2 (1a)test the HWE for population admixture? Most impor-
tantly, how useful is the HWE test in association studies Dmm 5 k(1 2 f1)2 1 (1 2 k)(1 2 f2)2 2 (1 2 f )2 (1b)
for reducing the rate of false positive findings of genes

5 k(1 2 k)Df 2underlying complex traits? Additionally, the HWE test
is also an important and general tool in population and

DMm 5 k*2f1(1 2 f1) 1 (1 2 k)*2f2(1 2 f2) 2 2f (1 2 f ) (1c)evolutionary genetics in validating the assumptions of
the HWE, such as random mating (e.g., Hebert 1987; 5 22k(1 2 k)Df 2,
Lynch and Spitze 1994; Deng and Lynch 1996), al-

where Df 5 f2 2 f1. k(1 2 k) can serve as a measure forthough the usefulness and the power of this important
the degree of population admixture. The larger thetool is generally unknown.
k(1 2 k), the larger the degree of population admix-In this article, through analytical and/or computer
ture. k(1 2 k) is maximized when k 5 0.5. The x2-testsimulation approaches, first we quantify the power of
is often employed to test for HWE (Weir 1996). Thethe HWE test under various degrees of population dif-
test statistic isferentiation (as reflected by different population allele

and disease frequencies) and various degrees of popula-
tion admixture (as reflected by the different propor-

x2
HW 5 N 3(P̃MM 2 p̃ 2

M)2

p̃ 2
M

1
(P̃Mm 2 2p̃Mp̃m)2

2p̃Mp̃m

1
(P̃mm 2 p̃ 2

m)2

p̃ 2
m

4,tions that populations admix). Second, we quantify the
effects of various degrees of population differentiation (2)
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which has 1 d.f. N is the sample size, and z indicates
x2

CC 5 N 3(p̃M|D 2 p̃M|C)2

p̃M|D 1 p̃M|C
1

(p̃m|D 2 p̃m|C)2

p̃m|D 1 p̃m|C
4 , (5)estimated frequencies of genotypes (MM, Mm, or mm)

or alleles (M or m) from the sample. Under the alterna-
where p̃M|D is the allele M frequency in cases (D) andtive hypothesis that there is population admixture, the
p̃M|C is the allele M frequency in controls (C). p̃m|D andx2

HW statistic follows a noncentral x2-distribution with 1
p̃m|C are similarly defined for allele m. This x2-test has 1d.f. and the noncentrality parameter
d.f. N is the sample size, and z indicates an estimated
value from the sample. With population admixture,

lHW 5 N 3D 2
MM

f 2
1

D 2
Mm

2f(1 2 f )
1

D 2
mm

(1 2 f )24 , (3a)
x2

CC approximately follows a noncentral x2-distribution
as corroborated later in our computer simulations. In

where D’s are defined in Equation 1. Substituting D’s the admixed population, pM|D, pM|C, pm|C, pm|C can be de-
from Equation 1 into Equation 3a, we have rived in terms of k, f1, f2, φ1, φ2, f, and φ (appendix c).

With these, we can obtain the noncentrality parameter
of the x2

CC -statistic:lHW 5 N
k2(1 2 k)2Df 4

f 2(1 2 f)2
. (3b)

lCC 5
2N[k(1 2 k)DfDφ]2

[2φ(1 2 φ)f 1 k(1 2 k)DfDφ(1 2 2φ)][2φ(1 2 φ)(1 2 f ) 2 k(1 2 k)DfDφ(1 2 2φ)]
.

With lHW given in Equation 3b, we can compute the
(6a)power (h) of the x2

HW-test under various degrees of popu-
lation differentiation Df and various degrees of popula- If none of the terms of k, (1 2 k), Df, or Dφ is equal to 0,
tion admixture k (appendix a). Some numerical results i.e., if there is population admixture for two populations
substantiated in later computer simulations are given differentiated in both allele and disease frequencies,
in Tables 1–4. then

Differentiation between populations can be mea-
lCC 5

2N
[2φ(1 2 φ)f/k(1 2 k)DfDφ 1 (1 2 2φ)][2φ(1 2 φ)(1 2 f )/k(1 2 k)DfDφ 2 (1 2 2φ)]

.sured by various indices in population genetics (Crow
1983; Hartl and Clark 1989). One frequently em- (6b)
ployed index is the GST (Nei 1975; Crow 1983), which

It can be seen qualitatively that the larger the termmeasures the relative reduction of heterozygosity (H)
k(1 2 k)DfDφ, the larger the lCC. The magnitude of thedue to isolation of differentiated populations—the well-
noncentrality parameter lCC determines the power toknown Wahlund phenomenon (Hartl and Clark
detect association between marker alleles and the dis-1989). It can be shown (appendix b) that
ease due to admixture of the two differentiated popula-

lHW 5 NG 2
ST, (4) tions P1 and P2. lCC may help us understand intuitively

the effects of population admixture and population dif-
where N is the sample size for the x2

HW-test. Equation 4 ferentiation on case-control analyses of association
establishes a direct relationship between the power of studies.
the HWE test for population admixture and a classical The null hypothesis to be tested in association studies
measure (G ST) of the degree of population differentia- for disease genes is that the marker alleles are not caus-
tion. Apparently, the larger the population subdivision ally associated with the disease; i.e., the marker locus
as reflected by the G ST, the higher the power for a sample and a disease gene are not linked. For this null hypothe-
to detect population subdivision by the HW test. sis, the power of the x2

CC -test in the admixed population
The effects of admixture of differentiated popula- under the condition of no causal relationship between

tions on the outcome of association studies: To focus the marker alleles and the disease is, in fact, the type I
on quantifying the effects of admixture on association error (ε) due to population admixture and the statistical
studies, we assume that the marker locus does not under- sampling error (a prespecified significance level for the
lie the disease susceptibility in populations P1 and P2 x2

CC -test, a). With a given noncentrality parameter, the
and any association between the marker locus and the power under a specific set of parameters is computed
disease in population P will be entirely due to the admix- in the same way as detailed in the previous section. The
ture of the two differentiated populations. dependency of ε on various parameters of population

Two types of tests are investigated, both depending differentiation and admixture is depicted in Figure 1.
on the basis that the marker locus is a disease gene per The difference of ε and a is the inflated type I error due
se or that it is in linkage disequilibrium with a disease solely to the admixture of differentiated populations.
gene. The first one is the x2-test employed in the conven- The second analysis investigated is developed by
tional case-control studies (Weir 1996) to test for the Feder et al. (1996) and Nielsen et al. (1999). Deng et
association between frequencies of marker alleles and al. (2000) extended this method for fine-mapping QTL.
diseases. The null hypothesis is that the distributions of For a complex disease, this method can be employed
marker allele frequencies are the same in the cases to test the association of a marker locus and a disease
(individuals with the disease) and controls (individuals by testing for HWE in the cases only (Nielsen et al.

1999). The power of this test and several other linkagewithout the disease). The test statistic is
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disequilibrium tests has been compared (Deng et al. the x2
HW2D -test), what samples at hand should be em-

ployed for the HWE test to detect population admixture2000). Here, we investigate the effects of population
admixture on the type I error rate of this test of HWE are not entirely clear and have not been formally investi-

gated. Apparently, we cannot use the cases only, as the(x2
HW2D) in cases (D) for finding the causal association

between a marker locus and a disease. The test statistic HWE test in cases is a test for linkage disequilibrium
when the whole population is randomly mating (Federis
et al. 1996; Nielsen et al. 1999; Deng et al. 2000). Should
we employ all the combined samples of cases and con-x2

HW2D 5 ND 3(P̃MM|D 2 p̃ 2
M|D)2

p̃ 2
M|D

1
(P̃Mm|D 2 2p̃M|Dp̃m|D)2

2p̃M|Dp̃m|D trols to maximize the power to detect the HW disequilib-
rium due to population admixture? Or should we em-

1
(P̃mm|D 2 p̃ 2

m|D)2

p̃ 2
m|D

4 , (7) ploy only controls?
To investigate these questions, we performed two

types of simulations. The first type is to investigate thewhich has 1 d.f. ND is the sample size of cases. With the
derivations in appendix c, we can obtain the noncentral- power to detect HW disequilibrium with cases and/or

controls in large randomly mating populations, whenity parameter of the x2
HW2D statistic in the presence of

population admixture: the marker locus is at or closely linked to a disease
susceptibility locus. For the null hypotheses of no popu-

lHW2D 5 ND
k2(1 2 k)2φ2

1φ2
2Df 4

(kφ1f1 1 (1 2 k)φ2f2)2(φ 2 kφ1f1 2 (1 2 k)φ2f2)2
. lation admixture, this power is in fact the rate of false

positive findings (type I error rate, ε) for HW disequilib-
(8) rium that is due to nonrandom choices of samples (cases

and/or controls) and the statistical sampling error (aIt can be seen, by calculus, that lHW 2 D maximizes, with
prespecified significance level, a). The simulation pro-respect to c, when c 5 k/1 2 k √f1(1 2 f1)/f2(1 2 f2).
cedures are detailed in Nielsen et al. (1999) and DengThe maximum of lHW 2 D with respect to c is
et al. (2000). Briefly, evolving populations segregating

lHW2D(max) 5 N[f1 1 f2 2 2f1f2 2 2√f1f2(1 2 f1)(1 2 f2)] . for a biallelic disease locus and biallelic marker loci are
simulated. We consider a set of marker loci that are

lHW2D (max) is useful in that it may allow us to character-
positioned at every 0.20 cM and span 0–2 cM on oneize maximum type I error in association studies with
side of the disease locus and a marker locus that is notthe x2

HW2D-test, irrespective of the population differen-
linked to the disease locus (with the additive or recessivetiation in the disease frequencies in populations P1
model, Figure 3, a and b). The disease prevalence inand P2.
the population is 0.08. In simulations, recombinationsThe dependency of the type I error of the x2

HW2D- between the QTL and marker loci are independent;test (ε, for the null hypothesis of no causal association
i.e., there is no interference. The recombination rate isbetween the disease and the marker) on various param-
obtained from the physical distance between the diseaseeters of population differentiation and admixture is
locus and the marker locus using Haldane’s map func-computed, on the basis of lHW2D for the x2

HW2D-statistic,
tion (Ott 1991). Under a specific genetic model, thein a way similar to that described in appendix a. The
population started at the 0th generation with completeresults are depicted in Figure 2.
association between allele A1 at the disease locus (withFrom Equations 3 and 8, we can obtain the following
frequency 0.1) and a marker allele M (with frequencyrelationship between the noncentrality parameter for
0.2). Then the population evolved for 50 generationsthe test of HWE in random population samples for
under random mating and genetic drift. The populationdetecting admixture and that in the cases for only de-
size is 15,000. The genetic drift under such a populationtecting linkage disequilibrium between a marker locus
size is extremely small (Crow and Kimura 1970; Dengand disease genes. Assume that both tests employ the
et al. 2000). At the end of the simulation, 200 cases andsame sample sizes,
200 controls are sampled from the population. Then
the x2

HW-test (Equation 2) is applied to the 200 controls
lHW2D 5 lHW

φ2
1φ2

2f 2(1 2 f )2

(kφ1f1 1 (1 2 k)φ2f2 )2(φ 2 kφ1f1 2 (1 2 k)φ2f2)2 and the combined sample of 200 controls and 200 cases.
The population is sampled and tested 5000 times, and

5 lHW1 kf1 1 (1 2 k)f2

kf1 1 (1 2 k)f2c
2
2

1 k(1 2 f1) 1 (1 2 k)(1 2 f2)
k(1 2 f1)/c 1 (1 2 k)(1 2 f2)

2
2

, the proportion of the significant tests is the power to
detect HW disequilibrium when there is no population
admixture (ε). Thus this proportion provides an esti-where c 5 φ2/φ1.

Choice of population samples and marker loci for mate of the type I error (ε) of the null hypothesis of
no population admixture. The simulation is repeatedthe HWE test: Ideally, random samples (for any locus)

or marker loci not associated with the disease (for any 100 times, and the mean and standard deviation of ε is
computed and depicted in Figure 3, a and b.sample) should be employed to detect population ad-

mixture (x2
HW-test, Equation 2). For association studies The second type of simulations is to compare the

power to detect population admixture with controls(cases and controls for the x2
CC -test and cases only for
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only and that with both cases and controls in an admixed ings of these two tests will not be confounded by the
different sample sizes employed. N 5 200 in our investi-population. A population P admixed with P1 (with f1 5

0.1, φ1 5 0.1) and P2 (with f1 5 0.3, φ2 5 0.3) is simulated gations. Note that this sampling design is used for the
purpose of simulations only and is in no way intendedwith various k in Figure 3c. In Figure 3d, a population

P ( f 5 0.2) is simulated from admixture (k 5 0.5) of as a design in collecting data in practice.
The proportion of the simulations with significanttwo populations P1 and P2 that have allele M frequen-

cies that differ by Df. In the P1 and P2 populations, the associations and a nonsignificant HWE test is the type
I error of the association study approach that is aideddisease and the marker are not associated by any means.

A total of 200 controls and 200 cases are sampled from with the HWE test to guard against confounding from
population admixture. This type I error includes boththe P population. Then the x2

HW-test (Equation 2) is
applied to the 200 controls and to the combined sample the specified type I error rate in the statistical testing

(a) and that inflated due to population admixture thatof 200 controls and 200 cases. The population is sam-
pled and tested 50,000 times, and the proportion of the failed to be revealed by the HWE test. For comparison,

the type I error rate of association studies with andsignificant tests is the power to detect HW disequilib-
rium due to population admixture (h). without (computed as indicated in the second section)

the aid of the HWE test for population admixture isTesting HWE for population admixture in reducing
false positive findings in association studies: In the first contrasted in Figures 1 and 2. In simulations, we corrob-

orated that the results for the power or type I error basedtwo sections, through the analytical approach, we study
separately the power of the HWE test for population upon the analytical approach in the first two sections

are accurate (to avoid repetitiveness the results are notadmixture and the effects of admixture of differentiated
populations on elevating the type I error rate in associa- shown).
tion studies. In this section, through computer simula-
tions, we investigate the effect of testing HWE at candi-

RESULTS
date genes for population admixture in association
studies, a practice (e.g., Deng et al. 1999) and a recom- The sample size required and the power of the HWE

test for population admixture (Tables 1–4): It can bemendation (Tiret and Cambien 1995) for reducing
false positive findings due to admixture. We also corrob- seen from Tables 1 and 2 that the sample size (n) re-

quired to detect population admixture by the HWEorate with our simulations the analytical results obtained
in the first two sections. test is generally quite large, except when the degree of

population admixture is large (i.e., k z 0.5) and theA population (P) admixed of two differentiated popu-
lations (P1 and P2) is simulated. A proportion k of differentiation of populations P1 and P2 is large (i.e.,

when Df is large). Generally speaking, when Df 5 0.2individuals of the population P comes from P1 and the
rest from P2. In the P1 and P2 populations, HWE holds (i.e., the frequencies of the allele M differ by 0.2 in the

populations P1 and P2), n required is .2000 even withat the marker locus in which alleles can be classified
into two classes M and m. The frequencies of M in P1 the largest degree of population admixture (k 5 0.5)

and n is .20,000 if the degree of population admixtureare f1 and in P2 are f2. The disease prevalences are,
respectively, φ1 in population P1 and φ2 in P2. The dis- is small (k 5 0.1). These sample sizes well exceed those

feasible and typically employed in association studies.ease and the marker locus are independent in the P1
and P2 populations. For a specific parameter set, a sam- When Df gets larger and k gets closer to 0.5, n gets

smaller. Generally speaking, only when Df . 0.4, andple of 3N individuals is simulated from the P population,
with 2N cases and N controls. The HWE test (Equation when k . 0.2, can the population admixture be detected

by the sample sizes typically employed in association2) is performed to detect population admixture with
the N controls only (see results, Choices of population studies (,1000).

For samples sizes 200 and 400 that are typically feasi-samples and marker loci for HWE test). If the test is signifi-
cant, further testing of association between the marker ble, Tables 3 and 4 list the power to detect population

admixture via the HWE test under various degrees ofand the disease will not be pursued to avoid confound-
ing of association results due to admixture. If the test population differentiation and admixture. It can be

seen that the power depends on both k and Df. Generallyis not significant, i.e., if the test fails to reveal population
admixture, tests of association that employ N random speaking, if Df , 0.2, there is little power to detect

population admixture via the HWE test regardless of k.cases and N controls (Equation 5) and those that employ
2N cases (Equation 7) are conducted. This sampling Only when Df is quite large (.0.4) and k . 0.2 is the

power relatively high. When Df 5 0.8, the power isscheme ensures that the test of HWE is performed on
the basis of the same sample of controls for the test almost always 100%. However, Df . 0.4 is probably

rather rare in natural populations, especially in humansemploying cases and controls (Equation 5) and the tests
that are based on cases only (Equation 7). It also ensures for candidate genes.

The effects of admixture of differentiated popula-that the two tests of associations have the same sample
sizes of 2N so that the comparison of false positive find- tions on the outcome of association studies (Figures 1
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TABLE 2TABLE 1

Sample sizes required to detect population admixture with Sample sizes required to detect population admixture with
80% power by the HWE test under different admixtures (k)90% power by the HWE test under different admixtures (k)

for two populations with allele M frequencies indicated as f for two populations with allele M frequencies indicated as f

ff

0.1 0.3 0.5 0.70.1 0.3 0.5 0.7

k 5 0.1 k 5 0.1
0.3 24,6180.3 32,952

0.5 3,127 50,511 0.5 2,336 37,736
0.7 397 1,907 28,6810.7 532 2,552 38,390

0.9 69 181 735 9,042 0.9 52 136 549 6,755
k 5 0.2k 5 0.2

0.3 9,497 0.3 7,095
0.5 711 11,8260.5 952 15,829

0.7 188 890 12,918 0.7 141 665 9,651
0.9 28 70 261 2,7790.9 38 94 350 3,719

k 5 0.3 k 5 0.3
0.3 3,7020.3 4,955

0.5 517 9,042 0.5 386 6,755
0.7 86 413 5,9060.7 115 553 7,906

0.9 30 75 275 2,690 0.9 22 56 205 2,010
k 5 0.4k 5 0.4

0.3 3,358 0.3 2,509
0.5 269 5,0550.5 359 6,766

0.7 87 440 6,329 0.7 65 329 4,729
0.9 20 53 198 1,8560.9 27 71 264 2,484

k 5 0.5 k 5 0.5
0.3 2,0100.3 2,690

0.5 290 6,053 0.5 217 4,522
0.7 56 307 4,5220.7 75 411 6,053

0.9 26 75 290 2,690 0.9 20 56 217 2,010

See the legend to Table 1.The frequencies of allele M in the two differentiated popula-
tions are specified as f in the rows and columns as indicated.
k is the proportion of individuals from the population with
the frequency for the M allele indicated in the rows, and 1 2 ing, for the same sample sizes employed, the x2

HW2D test
k is the proportion of individuals from the population with has much smaller ε (Figures 1 and 2) than the x2

CC -test
the frequency for the M allele indicated in the column. Other under the same parameters.numbers are the sample sizes required. The significance level

Choice of population samples and marker loci foris 0.05.
HWE test (Figure 3): In large randomly mating popula-
tions (Figure 3, a and b), if the marker locus is in linkage
disequilibrium with the disease locus due to linkage,and 2): It can be seen (Figure 1) that when Df and Dφ

increase, the false findings of association studies (the testing HWE with both the cases and controls (selected
for population association studies) will result in falsetype I error rate, ε) increase rapidly for the x2

CC -test that
employs both cases and controls. When Df 5 0, irrespec- positive findings of population admixture at a rate (ε)

higher than the specified statistical type I error rate ative of the magnitude of Dφ, ε remains the same magni-
tude of a prespecified type I error rate a (0.05). Data (0.05). ε increases dramatically with increasing levels of

linkage disequilibrium. When the marker locus is notnot shown indicate that when Dφ 5 0, ε remains rela-
tively stable at a (0.05) for the case-control analyses linked to a disease locus, ε remains at the specified a

of 0.05. However, if tested only in controls, ε remains(Equation 5), regardless of the magnitude of Df. This
is consistent with the analytical prediction based on the at the level close to 0.05 whether the locus is linked to

a disease locus or not.noncentrality parameter of the test statistic (Equation
6a). These results are consistent with qualitative analyses In an admixed population P (Figure 3, c and d), if the

marker locus is not linked to a disease locus, combiningof the noncentrality parameters of these tests (Equa-
tions 6a and 8). cases and controls for the HW test will generally have

higher power to detect population admixture than test-Noticeable (Figure 2) is the fact that, over a range of
Df, Dφ, and k, ε remains fairly stable and close to the ing in the controls alone, due to larger sample sizes.

Testing the HWE with controls only has similar powerspecified significance level a (0.05) for the x2
HW2D test

(Equation 7) that employs cases only. Generally speak- to the testing with random samples of the same sizes.
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TABLE 4TABLE 3

The power to detect population admixture with 200 The power to detect population admixture with 400
individuals sampled from a population under differentindividuals sampled from a population under different

admixtures (k) with two differentiated populations admixtures (k) with two differentiated populations

ff

0.1 0.3 0.5 0.70.1 0.3 0.5 0.7

k 5 0.1 k 5 0.1
0.3 60.3 5

0.5 12 5 0.5 21 6
0.7 81 25 60.7 52 14 5

0.9 100 93 40 7 0.9 100 100 68 10
k 5 0.2k 5 0.2

0.3 7 0.3 9
0.5 56 70.5 32 6

0.7 92 34 7 0.7 100 59 8
0.9 100 100 93 180.9 100 100 70 11

k 5 0.3 k 5 0.3
0.3 140.3 9

0.5 53 7 0.5 82 10
0.7 100 79 100.7 99 50 7

0.9 100 100 80 14 0.9 100 100 97 24
k 5 0.4k 5 0.4

0.3 12 0.3 20
0.5 93 120.5 69 8

0.7 100 60 8 0.7 100 87 12
0.9 100 100 98 250.9 100 100 81 14

k 5 0.5 k 5 0.5
0.3 240.3 14

0.5 78 8 0.5 97 13
0.7 100 89 130.7 100 63 8

0.9 100 100 78 14 0.9 100 100 97 24

See the legend to Table 1.See the legend to Table 1.

limited power of the HWE test for population admix-
Testing HWE with combined sample sizes of cases and ture.
controls has similar or slightly greater power to detect
population admixture than the test employing random

DISCUSSIONsamples of the same sizes. This is probably due to the
elevated level of HW disequilibrium in cases due to With random population samples, extensive associa-
population admixture. Although the marker is not tion studies have been conducted to search for genes
linked to a disease locus in subpopulations P1 and P2, underlying complex traits through linkage disequilib-
linkage disequilibrium between the marker and the dis- rium of these genes with markers. It is well known (Cha-
ease is created upon admixture of P1 and P2 that differ kraborty and Smouse 1988; Lander and Schork
in disease and marker frequencies. Such linkage disequi- 1994; Weir 1996) that if there is population stratifica-
librium leads to the elevated level of HW disequilibrium tion, spurious association may result between marker
in cases. loci and complex traits in association studies. Although

Testing HWE for population admixture in association the qualitative effects of population stratification have
studies (Figures 1 and 2): By contrasting the ε’s for the long been recognized, the detailed quantitative effects
association studies that do and do not employ the HWE of various degrees of population stratification on various
test for population admixture, it can be seen easily (Fig- linkage disequilibrium methods have seldom, if ever,
ures 1 and 2) that those employing the HWE test will been investigated. It is a usual practice (e.g., Deng et al.
suffer reduced levels of ε. However, the reduction of ε 1999) and it is suggested (Tiret and Cambien 1995)
is generally small by accepting only those significant to use the HWE test at candidate genes for population
associations in samples with a nonsignificant HWE test. admixture in association studies with an aim to guard
Therefore, the utility of testing HWE in reducing false against false positive findings of markers with diseases.
positive findings due to population admixture is gener- Through analytical and computer simulation ap-

proaches, we quantified the power of the HW test forally limited. This is consistent with earlier results on the
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Figure 1.—The rate of
false positive findings of as-
sociation between a marker
locus and a disease (ε) with
the x2

CC -test under various
degrees of population dif-
ferentiation ( f2 and φ2) and
admixture (k). A total of 200
cases and 200 controls are
employed in the statistical
tests; f1 5 0.2, φ1 5 0.01. The
solid lines indicate ε unad-
justed for the HWE test, and
the dashed lines are for ε
adjusted for the HWE test
for population admixture.
Squares, φ2 5 0.06; circles,
φ2 5 0.04; triangles, φ2 5
0.02.

population admixture and the effects of population ad- tion studies for complex diseases, the x2
HW2D -test (Equa-

tion 7) that employs only cases is more robust and yieldsmixture on increasing the false positive findings (type
I error, ε) in association studies under various scenarios much smaller ε.

In this study, we focus on studying ε in a commonof population admixture and population differentia-
tion. We found that (1) the power of the HWE test for practice (e.g., Tiret and Cambien 1995; Deng et al.

1999) in association studies where the HWE test is em-detecting population admixture is usually small, even
with large samples, unless the degrees of population ployed at candidate gene(s) to guard against spurious

association due to population admixture. Although, asadmixture and population differentiation are rather
large; (2) population admixture seriously elevates ε for revealed here, such a practice has some minor effects

on decreasing ε in detecting disease genes in the pres-detecting genes underlying complex traits, the extent
depending on the degrees of population admixture and ence of population admixture, it is also intuitive that in

the absence of population admixture, such a practicepopulation association; (3) HWE testing for population
admixture should be performed with random samples, will decrease the power to detect diseases genes. This

is simply because the spurious population admixtureor only with controls at candidate genes, or the test
may be performed for combined samples of cases and will be detected by HWE tests that are entirely due to

sampling error (at a rate specified by the level of the testcontrols at marker loci that are not linked to the diseases
under study; (4) testing HWE for population admixture significance a) in the absence of population admixture.

Such spurious findings of population admixture maygenerally reduces false positive findings of genes under-
lying complex traits but the effect is generally small due erroneously halt the testing for disease loci at the can-

didate genes. Recently, Pritchard and Rosenbergto the limited power to detect population admixture by
the HWE test; and (5) compared with the conventional (1999) proposed employing a series of marker loci un-

linked to the candidate genes to test for populationcase-control analyses (x2
CC -test, Equation 5) in associa-
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Figure 2.—The rate of
false positive findings of as-
sociation between a marker
locus and a disease (ε) with
the x2

HW2D-test under various
degrees of population dif-
ferentiation ( f2 and φ2) and
admixture (k). A total of
400 cases are employed. For
other parameters, see the
legend to Figure 1.

admixture/stratification through contingency table x2- tests at these unlinked marker loci, we will suffer sub-
stantial loss of power by stopping to test candidate locitests in cases and controls as a means to effectively re-

duce ε in disease gene searching in association studies. for detecting disease genes. On the other hand, if the
marker loci are not differentiated but the candidateAlthough combining a series of unlinked marker loci

may increase the power to detect population admixture genes are differentiated in subpopulations of an ad-
mixed population, we will still suffer inflated ε due toin the HWE test, the increase in power requires that

each marker locus included in analyses is differentiated admixture of subpopulations differentiated at the candi-
date genes to be tested. The above problem may alsoin subpopulations—a valuable piece of information that

is generally unknown for markers in most admixed undermine the usefulness of the approach of Pritch-
ard et al. (2000a,b) for inferring population structurepopulations. Including markers that are not differen-

tiated among subpopulations will generally decrease the using multilocus genotype data to perform association
studies of candidate genes. By applying the Bayesianpower to detect population admixture. Most impor-

tantly, it is the differentiation of disease frequencies and approach, Devlin and Roeder (1999) developed a ge-
nomic control method for single nucleotide polymor-allele frequencies at candidate genes in subpopulations of

an admixed population that affects ε in disease gene phism (SNP) data densely sampled from the whole ge-
nome in case-control studies. This method is supposedtesting at candidate genes. This can be easily seen analyt-

ically via the noncentrality parameters of association test to be able to, in whole genome case-control studies with
SNP, control the type I error rate to desired levels bystatistics (Equations 6 and 8). Various loci across the

human genome may be differentiated to various degrees choosing appropriate tuning parameters in implemen-
tation.in subpopulations of an admixed population. If the

candidate genes are not differentiated, but the unlinked Pritchard and Rosenberg (1999) focus on the situa-
tion where there is no prior reason to suspect popula-marker loci selected are differentiated in subpopula-

tions and population admixture is detected by HWE tion admixture, and association studies have been con-
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Figure 3.—The rate (ε)
of the false positive findings
of HW disequilibrium in
randomly mating popula-
tions in marker loci in link-
age disequilibrium with a
disease locus (a and b) and
the power to detect (h) pop-
ulation admixture by HWE
test at a candidate gene locus
(c and d) in admixed popu-
lations. (a) Recessive ge-
netic model at the disease
locus. The penetrances for
the three genotypes A1A1,
A1A2, A2A2, are, respectively,
1.00, 0.07, and 0.07. (b) Ad-
ditive genetic model at the
disease locus. The pene-
trances for the three geno-
types A1A1, A1A2, A2A2, are,
respectively, 0.98, 0.49, and
0.00. In a and b, data plotted
are the mean and 1 SD, the
solid squares are data for the
tests with combined sam-
ples of 200 cases and 200
controls, and the open cir-
cles are for the tests with 200
controls. x-axes in a and b
are expected average linkage
disequilibrium coefficient be-
tween a marker locus and
the disease locus defined as
D 5 fMD 2 fMfD, where fMD is
the haplotype frequency of
the marker allele M and dis-
ease allele D, and fM and fD

are the marker allele M fre-
quency and disease allele D
frequencies, respectively. In
c and d, the solid and open

squares are, respectively, for the tests with random samples of 200 and 400 individuals; the solid and open circles are, respectively,
for the tests with 200 random cases and 200 random controls and for the tests with 200 random controls. In simulations for c,
f1 5 0.1, f2 5 0.3, φ1 5 0.10, φ2 5 0.07. In simulations for d, k 5 0.5, f 5 0.2, φ1 5 0.10, φ2 5 0.07.

ducted and positive results have been generated. This because of the small power of the HWE test at a single
candidate gene in detecting population admixture asis because, as they correctly pointed out, case-control

studies are often criticized under such circumstances demonstrated by the results here.
HWE is a fundamental topic in population genetics.for potential confounding effects of possible population

admixture. Therefore, they suggest genotyping addi- Issues related to HWE have been subjected to extensive
studies and have various applications in many researchtional unlinked markers to test for population admix-

ture in the presence of positive association results. Our areas. Examples are the propositions of various tests of
HWE (e.g., Louis and Dempster 1987; Hernandez andstudy starts from a slightly different angle. Our study is

stimulated by the general practice and suggestion Weir 1989; Eguchi and Matsuura 1990; Guo and
Thompson 1992) and HWE tests in stratified popula-(Tiret and Cambien 1995) that testing population ad-

mixture via the HWE test should proceed at the candi- tions (e.g., Nam 1997); characterization of HW disequi-
librium (Shoemaker et al. 1998); and testing of genesdate gene before association tests and by the general

perception that this procedure can effectively reduce underlying complex traits through the HWE test in ex-
treme samples of populations (Nielsen et al. 1999; Dengthe type I error due to population admixture. Testing

HWE for population admixture at a candidate gene et al. 2000). Schaid and Jacobsen (1999) proposed
testing for disease genes in association studies by correct-conditional on a significant case-control test may be of

limited use in reducing the type I error due to popula- ing the existent HW disequilibrium to avoid the inflated
type I error due to population admixture/stratification;tion admixture in disease gene identification. This is
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however, we (Deng and Chen 2000) found that their population admixture in the context of localizing genes
underlying complex diseases, some issues investigatedcorrection approach is generally not feasible in practice.

Chakraborty and Smouse (1988) and Briscoe et al. here should be of general interest in genetics. For exam-
ple, it is noted here for the first time that the degree(1994) found that the level of linkage disequilibrium

in a population P admixed of P1 and P2 populations of population differentiation as measured by GST has a
direct relationship with the noncentrality parameterfor two marker loci is D 5 k(1 2 k)DfDp, where k and

Df are defined earlier and Dp is the difference of the (and thus the power) of the test to detect HW disequilib-
rium (Equation 4). In addition, it is a general practiceallele frequency of the second locus. The two loci are

assumed to be in linkage equilibrium in the P1 and P2 in population and evolutionary genetics to test for HW
disequilibrium as a means to substantiate the assump-populations. In this study, we assume that a locus and

a disease are not associated in the P1 and P2 popula- tions for HW equilibrium (such as population admix-
ture, inbreeding, and assortative mating). Nonsignifi-tions. The association in the P population is entirely

due to the “disequilibrium” between the marker locus cant results are generally interpreted as an indication of
random mating in the study populations (e.g., Hebertand the disease created by admixture. The degree of

such disequilibria may be measured as D9 5 k(1 2 1987; Lynch and Spitze 1994; Deng and Lynch 1996).
However, such a practice may not be reliable in thatk)DfDφ. It is noted that the power to detect an associa-

tion between the marker and the disease created by the test has limited power in detecting deviation from
HW equilibrium due to population migration, etc., asadmixture critically depends on D9 as reflected by Equa-

tions 6a and 6b for the x2
CC -test. However, the disequilib- demonstrated here. Therefore, the practice that em-

ploys the HW disequilibrium test to substantiate therium due to population admixture between a marker
locus and the disease may not have the same effects on assumptions of HW equilibrium may need to be treated

with caution unless the sample size is very large (e.g.,different association studies, as is demonstrated by our
simulation results for the two tests examined (x2

CC - and .1000).
x2

HW2D -tests). This is also apparent from the noncentrality We are grateful to Professor Asmussen and the two anonymous
parameters found for the two test statistics (Equations reviewers for providing careful comments that helped to improve the

manuscript. This study was partially supported by grants from the6a, 6b, and 8). Different from the x2
CC -test, the power

National Institutes of Health, the Health Future Foundation, andof the test does not have a direct relationship with Dφ
HuNan Normal University and by a graduate student tuition waiverfor the x2

HW2D-test.
to Wei-Min Chen from Creighton University.

Population association studies that depend on linkage
and strong linkage disequilibrium between marker loci
and loci underlying complex traits have been conducted
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tables for noncentral x2-distributions (Weir 1996, p.
5 Pr(P1|D)Pr(M|P1, D) 1 Pr(P2|D)Pr(M|P2, D)

382).
5 [Pr(P1)Pr(D|P1)Pr(M|P1)

1 Pr(P2)Pr(D|P2)Pr(M|P2)]/Pr(D)APPENDIX B: THE RELATIONSHIP OF lHW WITH G ST

5 [kφ1f1 1 (1 2 k)φ2f2]/φ, (C1)G ST 5 (HT 2 HS)/HT, where HT is the heterozygosity
if all the isolated populations were converted into a where Pr(M|P1, D) 5 Pr(M|P1) due to the indepen-
single randomly mating population. HS measures the dence of the marker allele and disease within popula-
average heterozygosity of isolated subpopulations. In a tions of P1 and P2,
population P admixed of populations P1 and P2 with a

pm|D 5 1 2 pM|D 5 1 2 [kφ1f 1 1 (1 2 k)φ2f2]/φ.proportion k from P1 and (1 2 k) from P2, for a locus
with two alleles M and m with frequencies of M being Similarly,
f1 in P1 and f2 in P2 and the frequency of M in P is f,

pM|C 5 [k(1 2 φ1)f1 1 (1 2 k)(1 2 φ2)f2]/(1 2 φ)HT 5 1 2 f 2 2 (1 2 f )2, where f is defined in the text.
If the average heterozygosity of P1 and P2 is computed pm|C 5 1 2 pM|Cby weighting the heterozygosity in P1 and P2, respec-

5 1 2 [k(1 2 φ1)f1 1 (1 2 k)(1 2 φ2)f2]/(1 2 φ).tively, by their relative contributions to population P,
HS 5 2kf1(1 2 f1) 1 2(1 2 k)f2(1 2 f2), then In population P, the expected frequency of genotype

MM in cases is
G ST 5

k(1 2 k)Df 2

f(1 2 f )
.

PMM|D 5
Pr(MM, P1, D) 1 Pr(MM, P2, D)

Pr(D)By the above equation and Equation 3a, we have

5 Pr(P1|D)Pr(MM|P1) 1 Pr(P2|D)Pr(MM|P2)lHW 5 NG 2
ST,

5 [Pr(P1)Pr(D|P1)Pr(MM|P1)where N is the sample size for the x2
HW-test.

1 Pr(P2)Pr(D|P2)Pr(MM|P2)]/Pr(D)
APPENDIX C: FREQUENCIES OF MARKER ALLELES

5 [kφ1 f 2
1 1 (1 2 k)φ2 f 2

2]/φ. (C2)AND GENOTYPES IN CASES AND CONTROLS
IN AN ADMIXED POPULATION Therefore, from Equations C1 and C2, and after some

algebra simplification, we haveAssume that the marker locus is not causally associ-
ated with the disease and assume that the marker geno- (PMM|D 2 p2

M|D)2

p2
M|D

5
k2(1 2 k)2φ2

1φ2
2Df 4

φ2[kφ1f1 1 (1 2 k)φ2f2]2
.types (or alleles) and the disease are not associated in

populations P1 and P2; the association between the
Similarly, we havemarker and the disease in population P is then due

entirely to the admixture. In population P, the expected (Pmm|D 2 p2
m|D)2

p2
m|D

5
k2(1 2 k)2φ2

1φ2
2Df 4

φ2[φ 2 kφ1f1 2 (1 2 k)φ2f2]2
,frequency of the allele M in cases is

pM|D 5 Pr(M|D) 5
Pr(M, P1, D) 1 Pr(M, P2, D)

Pr(D)
(PMm|D 2 2pM|Dpm|D)2

2pM|Dpm|D
5

4k2(1 2 k)2φ2
1φ2

2Df 4

2φ2[kφ1f1 1 (1 2 k)φ2f2][kφ1f1 2 (1 2 k)φ2f2]
.


