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The Power to Detect Linkage Disequilibrium with Quantitative Traits
in Selected Samples
Gonçalo R. Abecasis, William O. C. Cookson, and Lon R. Cardon
University of Oxford, Oxford, United Kingdom

Results from power studies for linkage detection have led to many ongoing and planned collections of phenotypically
extreme nuclear families. Given the great expense of collecting these families and the imminent availability of a
dense diallelic marker map, the families are likely to be used in allelic-association as well as linkage studies. However,
optimal selection strategies for linkage may not be equally powerful for association. We examine the power to
detect linkage disequilibrium for quantitative traits after phenotypic selection. The results encompass six selection
strategies that are in widespread use, including single selection (two designs), affected sib pairs, concordant and
discordant pairs, and the extreme-concordant and -discordant design. Selection of sibships on the basis of one
extreme proband with high or low trait scores provides as much power as discordant sib pairs but requires the
screening and phenotyping of substantially fewer initial families from which to select. Analysis of the role of allele
frequencies within each selection design indicates that common trait alleles generally offer the most power, but
similarities between the marker- and trait-allele frequencies are much more important than the trait-locus frequency
alone. Some of the most widespread selection designs, such as single selection, yield power gains only when both
the marker and quantitative trait loci (QTL) are relatively rare in the population. In contrast, discordant pairs and
the extreme-proband design provide power for the broadest range of QTL–marker-allele frequency differences.
Overall, proband selection from either tail provides the best balance of power, robustness, and simplicity of as-
certainment for family-based association analysis.

Introduction

Selection of individuals with extreme phenotypes sub-
stantially increases power over random sampling for de-
tection of linkage with quantitative trait loci (QTL)
(Lander and Botstein 1989; Carey and Williamson 1991;
Cardon and Fulker 1994; Eaves and Meyer 1994; Risch
and Zhang 1995; Zhang and Risch 1996). For small
nuclear families, siblings with discordant phenotypes
generally provide the largest gains in power (Risch and
Zhang 1995, 1996), but they are difficult to identify and
ascertain for genotyping. Other strategies, such as se-
lection of a pair on the basis of only one sibling’s phe-
notype (single selection) or selection of pairs having sim-
ilar and extreme phenotypes (concordant selection), are
easier to implement but provide smaller increases in
power. In support of the theoretical predictions, linkage
analyses of selected family samples have identified
regions that are likely to contain genes controlling di-
verse quantitative traits (Cardon et al. 1994; Daniels et
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al. 1996; Hager et al. 1998). More recently, large family
and population surveys have been conducted that in-
clude 10,000s–100,000s of individuals (Abbott 2000;
Martin et al. 2000b), and, due to practical constraints
on genotyping, these samples are likely to require phe-
notypic selection.

The influence of selection on the power of model-free
linkage analysis has been exhaustively studied. For ex-
ample, some selection strategies are tailored to the de-
tection of relatively rare trait-increasing alleles, and they
influence power by changing expected allele and geno-
type frequencies from their levels in the general popu-
lation (Lynch and Walsh 1998). Similar principles may
apply to allelic-association analysis (Slatkin 1999),
where the focus of interest is on trait-allele relationships
at the individual level rather than on allele sharing in
families. Although some studies have examined the sam-
pling properties of specific association designs, partic-
ularly the popular discordant-sib–pair (DSP) approach
(Allison 1997; Allison et al. 1999; Schork et al. 2000),
the power to detect allelic association by use of other
selection designs has not been systematically explored.

Detection of allelic association with multifactorial
traits is the driving force behind the development of
fine-scale maps of single-nucleotide polymorphisms
(SNPs) across the genome (Chakravarti 1998; Roberts
2000). More than 1.5 million common SNPs are already
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in the public domain (Sachidanandam et al. 2001), pro-
viding an average density that may be sufficient to iden-
tify complex-trait loci (Collins et al. 1999; Kruglyak
1999; Abecasis et al. 2001). Coupled with the ongoing
population-based collections for phenotypic subselec-
tion or high-throughput genotyping, the emerging SNP
map offers unprecedented opportunities for association
analysis.

The largest SNP detection efforts (Altshuler et al.
2000; Mullikin et al. 2000) have focused on detection
of relatively frequent polymorphisms, in accordance
with the common-disease/common-variant hypothesis
(Chakravarti 1998). Analysis of loci for which this hy-
pothesis is correct will require relatively modest sample
sizes to identify important mutations (Risch and Mer-
ikangas 1996; Risch 2000). However, even in these large
SNP maps the disease allele may be unobserved, and,
for some loci, there may be multiple trait alleles for
which association is not well described by SNPs (Weiss
and Terwilliger 2000). In these cases, the issue of allele
frequency and selected sampling is less clear, because
the power to detect association will be influenced by
the frequency of both the marker and the QTL alleles.

Here we examine the power to detect allelic associ-
ation with QTLs in the selection strategies most com-
monly used for sib pairs, including single selection,
DSPs, concordant sib pairs (CSPs) (in either tail), af-
fected sib pairs (ASPs), and combinations of CSPs and
DSPs. We conduct a series of simulations to compare
the relative power of the various designs, assuming com-
mon marker- and QTL-allele frequencies, and then con-
sider the power to detect association under the full range
of marker- and QTL-allele frequencies. In all cases, we
use recent QTL-association methods (Abecasis et al.
2000a; Monks and Kaplan 2000), which are flexible for
analysis of different selection models (and, therefore,
trait distributions), subsume nearly all other family-
based QTL-association tests (Abecasis et al. 2000b), and
allow accurate power calculation through a permuta-
tion framework.

Methods

QTL Model

We use the standard biometrical model (Falconer
1981), in which the sibling trait, Yij, for the jth sibling
( ) in the ith family ( ) is a functionj p 1 … n i p 1 … Ni

of an overall mean (m), a major additive genetic effect
(gij), residual shared familial effects (sij), and random
environmental effects (eij), described as

Y p m � g � s � e .ij ij ij ij

We assume that the background genetic and environ-
mental effects are normally distributed, with mean zero.

For any candidate marker with alleles arbitrarily
labeled “1” and “2,” let Gij be the number of “1” alleles
for the jth offspring in family i. In addition, define the
parental genotypes for each family as GiM and GiF (for
the male and female parents, respectively). The family-
based tests of linkage disequilibrium evaluated here are
designed to detect evidence for association between Gij

and Yij, while controlling for the possible effects of pop-
ulation substructure.

Tests of Association

A number of tests have recently been developed for
analysis of association in humans (reviewed in Abecasis
et al. 2000b). The properties of most of these tests are
encompassed in the pedigree disequilibrium test (PDT)
and related tests (Martin et al. 1997, 2000a, 2001;
Monks and Kaplan 2000)—which use simple score sta-
tistics for association and make almost no assumptions
about the phenotypic distribution—and the between-
and within-family variance-components model (Fulker
et al. 1999; Abecasis et al. 2000a), which uses maxi-
mum-likelihood approaches to estimate parameters de-
rived from the standard biometrical model. These pa-
rameter estimates can be used to help localize the trait
locus (Cardon and Abecasis 2000). Both these methods
are suitable for general pedigrees, allow for missing pa-
rental genotypes, account for population stratification,
and are amenable to permutation procedures for non-
normal trait data.

The PDT is designed to evaluate the hypothesis that
, where ¯[Y � E(Y )]w ( 0 E(Y ) p Y p � Y � nZij ij ij ij ij ij i i

and wij is a measure of allelic transmission with mean p
0. For nuclear families, a suitable definition for wij is

G � GiF iMG � if parental genotypesij 2
are available

w p �Gij ij
j{G � if parental genotypesij ni are not available.

Significance tests are performed via a t test: T p
, where , , and¯�R/ Var (R) R p � R R p � (Y � Y)w nZi i i ij ij i

ijVar(R) can be estimated as (Monks and2Var (R) p � Ri

Kaplan 2000). Note that we use the PDT acronym to
refer to a family of related tests (Martin et al. 2000a;
Monks and Kaplan 2000) and that this test is not the
discrete-trait test described by Martin et al. (2000a).

Association modeling in the variance-components
framework seeks to minimize , using the fol-Y � E(Y )ij ij

lowing expectation of trait scores:

E(Y ) p m � b b � b w ,ij b i w ij

where bb and bw are orthogonal components of associ-
ation describing the effect of parental mating type and
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allelic transmission, respectively. Using marker geno-
types, bi is defined as

G � GiF iM if parental genotypes are available
2

b pi �Gij
j{ if parental genotypes are not available ,
ni

and wij is defined as

w p G � b .ij ij i

Note that this definition of wij is equivalent to that
shown above for the PDT. Under the null hypothesis of
no linkage disequilibrium, , whereas under theb p 0w

alternative hypothesis, , the additive genetic valueb p aw

at the marker locus (Abecasis et al. 2000a).
In the variance components approach, all sources of

familial resemblance, including linkage, are modeled
separately from association. Evidence for linkage dis-
equilibrium is evaluated by maximizing the likelihood
of the data with no constraints on the variance or mean
parameters (L1) and then under the constraint b p 0w

(L0). Under the null hypothesis of no association and
when the variance estimates are constrained to be pos-
itive (Searle et al. 1992), the quantity 2x p ln (L ) �1

is distributed as x2 with 1 df (Self and Liangln (L )0

1987).
To improve efficiency in the present analyses, only

families having at least one heterozygous parent (when
parental genotypes were used) or at least two different
types of offspring (when parental genotypes were ig-
nored) were included in the likelihood calculations, be-
cause other families do not contribute to estimates of
the bw parameter. To provide information relevant to
study design, all sample sizes presented in the Results
section refer to the total number of offspring genotyped,
not just the number with heterozygous parents. All anal-
yses were conducted using the QTDT software program
(Abecasis et al. 2000a).

It is clear that both the PDT and QTDT models derive
information from variability within families. Conse-
quently, under some forms of extreme selection (e.g., two
siblings from the same tail of the distribution), the loss
of phenotypic variability will result in poor performance
of these measures. To complement these QTL ap-
proaches, we also fitted an extension of the classic
discrete-trait transmission/disequilibrium test (TDT)
(Spielman et al. 1993) to our simulated data. For these
assessments, “affected” and “unaffected” individuals
were defined on the basis of a split around the popu-
lation mean.

We use a variant of the TDT described by Martin et
al. (1997) that provides a valid test of linkage disequil-

ibrium, even when multiple affected children per family
are considered. In this case, we define T p T (1) �i i

, where Ti(1) and Ti(2) are the total number of trans-T (2)i

missions of alleles “1” and “2,” respectively, from het-
erozygous parents to affected offspring in family i. The
statistic is approximately normally distributedT p � Ti i

with mean zero and a variance of . Therefore, for2� Ti i

data sets that include families with more than one child,
provides a test of disequilibrium.2t p �T �TZ�i i

i i

Selection Strategies

Single-proband and sib-pair ascertainment strategies
were defined as having high (ZH) or low (ZL) phenotypic
thresholds. Although other selection schemes can in-
crease power in linkage studies (Eaves and Meyer 1994;
Allison et al. 1999), we focus on those most commonly
used in current practice. The following selection schemes
were considered: affected proband (AP), in which at least
one offspring phenotype exceeds ZH; extreme proband
(EP), in which at least one offspring phenotype is either
below ZL or above ZH; ASP, in which at least two off-
spring phenotypes exceed ZH; CSP, in which ASP or at
least two offspring phenotypes are below ZL; DSP, in
which at least one offspring phenotype exceeds ZH while
another is below ZL; and extreme discordant and con-
cordant (EDAC) sib pair (i.e., CSP or DSP) (Gu et al.
1996).

All schemes were evaluated for selection of families
with two or more offspring. The AP and EP schemes
were also evaluated for selection of families with a single
offspring. Two definitions were considered for ZH and
ZL. The first was the “truncate” selection: given a desired
tail area , select individualsa p P(Y 1 Z ) p P(Y ! Z )H L

on the basis of and ,�1 �1Z p m � F j Z p m � F jH 1�a L a

where m is the simulated phenotypic mean, j2 is the var-
iance, and F is the cumulative normal distribution func-
tion. The second was “proportional” selection: for a
given set of phenotyped families, select ZH and ZL so
that only a prespecified number are available for anal-
ysis, with the constraint that .Z � m p m � ZH L

For each selection scheme, we define the selection ratio
as the inverse proportion of the sample exceeding the
defined threshold, , where N′ is the number of′I p N /N
phenotyped families and N is the number of genotyped
families. This measure is designed as an indicator of the
difficulty of ascertaining the subsample of interest and
is closely related to selection intensity and cost (Falconer
1981 [fig. 11.3 and Appendix A]). The proportional def-
inition of ZH and ZL explicitly specifies the selection ratio
and is useful for existing random samples, in which it
allows comparisons of power for various subsamples of
the same size. It is also useful for comparing the attrib-
utes of various selection strategies, because, when the
ratio of total-to-selected individuals is constant across
design, each strategy has the same “difficulty” or cost
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Table 1

Power in Families with a Single Offspring, after Selection

SAMPLING STRATEGY

AND TAIL AREA

(SELECTION RATIOa)

POWER IN 360 SINGLE-CHILD

FAMILIES WHEN ANALYSIS METHOD IS

TDT PDT QTDT

Unselected (1.0) .15 .54 .55
AP in top tail:

.05 (20.0) .86 .02 .03
10 (10.0) .75 .03 .04
30 (3.3) .55 .06 .07
50 (2.0) .36 .11 .12

EP in top or bottom tail:
.05 (10.0) .85 1.00 1.00
10 (5.0) .70 .98 .98
30 (1.7) .31 .73 .74
50 (1.0) .13 .54 .53

NOTE.—Power is the proportion of 1,000 simulated data sets ex-
ceeding the 1% empirical significance level, estimated from 50,000
simulations. A diallelic trait locus with equifrequent alleles accounts
for 10% of the total trait variance. The marker-locus minor-allele
frequency was .40, with vp .0005 (∼50 kb), and D′ p .75. The residual
sibling resemblance is .30.

a No. of families phenotyped per family genotyped.

of ascertainment. In contrast, truncate selection specifies
how extreme probands should be in the trait distribu-
tion, regardless of the number of unselected families
from which to choose, and is convenient when popu-
lation-based samples are not available for subselection.
In truncate selection, the number of families that must
be phenotyped per family selected and the cost of sample
collection vary between different schemes and efficiency
is less directly comparable.

Simulations

Genotype data were simulated in nuclear families,
each having both parents as well as one or more off-
spring available. Trait offspring values were constructed
as the sum of a major gene effect (with variance ja

2)
generated by a diallelic additive QTL locus, Q, with
allele frequencies pQ and , a residual siblingq p 1 � pQ Q

correlation (js
2), and an environmental effect (je

2), each
assigned independently from a normal distribution with
mean zero. Unless noted otherwise, a QTL accounting
for 10% of the phenotypic variance was simulated, with
a background correlation between siblings of .30. For
all simulations, a diallelic marker locus “M,” with allele
frequencies pM and , was simulated at aq p 1 � pM M

recombination fraction (under the conven-v p .0005
tion that 1 cM ≈ 1 Mb, this is ∼50 kb). For all simu-
lations, we quote the frequency of the trait-increasing
QTL and marker alleles.

Linkage disequilibrium between the trait and marker
loci was introduced in the parental chromosomes. Dis-
equilibrium was modeled in the usual fashion as D p

, where pMQ is the frequency of the haplotypep � p pMQ M Q

with allele “1” at both the marker and trait loci, so that
, and the standardized dis-D p min(p p ) � p pmax M Q M Q

equilibrium coefficient D′ is D/Dmax (Lewontin and Ko-
jima 1960). In assessments of allele frequency differ-
ences, unless noted otherwise, D′ was held constant
under various marker and QTL frequencies.

Empirical Significance Levels and Power

Error rates for these methods are a function not only
of the assumptions underlying the particular method but
also of trait- and marker-allele frequencies and effect
size, since these determine the effective sample size and
the shape of the phenotypic distribution. To obtain em-
pirical estimates of power, 1,000 data sets were simu-
lated for each combination of trait- and marker-allele
frequencies, degree of disequilibrium, selection strategy,
and sample size. From each of these, 50 further sets were
generated by randomly permuting the phase of parental
chromosomes in each family to generate 50,000 family
collections, in which no linkage disequilibrium was pre-
sent. The 50,000 null-distribution samples were ana-
lyzed, and the empirical significance level that gave the

desired error rate was estimated. The proportion of the
original 1,000 data sets that exceeded this empirical sig-
nificance level is given as the power of the test under the
particular circumstances. In comparison with the em-
pirical-significance approach, asymptotic significance
levels were slightly conservative for the discrete-trait
TDT (Martin et al. 1997) and the PDT (Monks and
Kaplan 2000) but were inflated for the QTDT (Abecasis
et al. 2000a) after selection. These outcomes are con-
sistent with those observed for variance-component
analyses of nonnormal phenotypic distributions (Hop-
per and Mathews 1982). We use empirical significance
levels throughout the Results section, to ensure that the
methods are directly comparable and that power does
not overly depend on the underlying distributional as-
sumptions of the methods.

Results

First, we consider a relatively common marker (p pm

) and a QTL ( ) that are separated by a re-.4 p p .5QTL

combination fraction (v) of .0005 (∼50 kb) and in rel-
atively strong disequilibrium (D′ p 0.75). We then de-
scribe the results for variable trait- and marker-allele
frequencies.

Table 1 shows the power for designs that include a
single offspring and parents. For this family structure,
three selection strategies are compared: unselected off-
spring, AP involving selection on the upper tail of the
distribution, and EP involving selection from either tail.
The simulations summarized in table 1 employ truncate
selection—that is, a fixed number of offspring (360)
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Table 2

Power in Sib-Pair Families, after Selection

SAMPLING STRATEGY

AND TAIL AREA

(SELECTION RATIOa)

POWER IN 180 TWO-CHILD

FAMILIES WHEN ANALYSIS IS

TDT PDT QTDT

Unselected (1.0) .14 .51 .56
AP with 1 sib in top tail:

.05 (10.9) .68 .73 .72
10 (5.7) .56 .67 .66
30 (2.1) .29 .55 .54
50 (1.4) .19 .50 .49

EP with 1 sib in top
or bottom tail:

.05 (5.5) .39 .92 .93
10 (2.9) .32 .80 .85
30 (1.2) .16 .57 .61
50 (1.0) .12 .50 .56

ASP with 2 sibs in
top tail:

.05 (122.1) .88 .04 .05
10 (41.5) .79 .05 .06
30 (7.4) .40 .11 .12
50 (3.3) .21 .16 .17

CSP with 2 sibs in
the same tail:

.05 (61.1) .50 .90 .15
10 (20.8) .40 .83 .17
30 (3.7) .17 .54 .29
50 (1.6) .08 .42 .34

DSP with 1 sib in each tail:
.05 (1617.9) 1.00 1.00 1.00
10 (217.9) .99 1.00 1.00
30 (10.1) .62 .94 .94
50 (2.6) .25 .67 .65

EDAC with 2 sibs in
either tail:

.05 (58.8) .53 .94 .50
10 (19.0) .47 .85 .68
30 (2.7) .26 .68 .71
50 (1.0) .13 .46 .51

NOTE.—Power is the proportion of 1,000 simulated data sets ex-
ceeding the 1% empirical significance level, estimated from 50,000
simulations. A diallelic trait locus with equifrequent alleles accounts
for 10% of the total trait variance. The marker-locus minor-allele
frequency was .40, with vp .0005 (∼50 kb), and D′ p .75. The residual
sibling resemblance is .30.

a No. of families phenotyped per family genotyped.

were selected on the basis of trait scores exceeding the
prespecified threshold (Za or Z1�a).

The results in table 1 indicate that both AP selection
(i.e., one-tailed selection) and EP selection (i.e., selection
from either tail) can provide substantial power in-
creases. Although the maximal power at the .01 signif-
icance level is .55 in random samples, selected sampling
can increase this to 1.00. Both AP and EP schemes yield
considerable gains in power on a per-genotype basis,
and, within each strategy, increasing the selection in-
tensity results in increased power. Although the latter
trend of increased power with increasing selection is to
be expected (Falconer 1981), differences between AP
and EP selection highlight an interesting counterex-
ample. Although EP selection requires screening half as
many families as AP selection (see table 1), the less-
stringent EP strategy has consistently greater power
than the more difficult AP design. Thus, for families
with one offspring, selection of probands from either
tail of the distribution appears most practical and ad-
vantageous for statistical power.

Table 1 also shows that maximal power for the AP
and EP strategies is not obtained using the same ana-
lytical method. The combination of dichotomization of
the trait scores and analysis by TDT is clearly not useful
for randomly selected samples or samples identified via
a proband in either tail (EP), an outcome that is con-
sistent with the well-known advantages of retaining
quantitative information rather than arbitrarily dichot-
omizing continuous measures. In contrast, however,
when offspring are collected from only one tail of the
phenotypic distribution (AP strategy), there is too little
information remaining in the original measurement
scale to provide reasonable power. In this case, the TDT
is more powerful than the quantitative tests, and even
families ascertained under modest selection (e.g., 50%,
taking the upper half) should be evaluated in a discrete-
trait framework.

Table 2 describes power when sib-pair families are
collected. This design allows for mapping genetic ef-
fects, using either linkage approaches or linkage dis-
equilibrium tests. The format of table 2 is the same as
that of table 1, but it presents the full complement of
selection designs to collect samples of 180 sib pairs. In
this situation, as expected from previous analyses (Al-
lison 1997; Schork et al. 2000), DSPs provide the most
dramatic increases in power, on a per-genotype basis,
compared with random selection. For extreme DSPs as-
certained from 5% tail areas, the power to detect QTL
association is 100%, and it remains 190% for modest
selection on 30% tail areas. Aside from DSPs, power is
roughly similar for several of the strategies. The relative
power of the various approaches may be broadly sum-
marized as DSP 1 EP � EDAC � CSP 1 ASP 1 AP.

Although the DSP strategy is clearly the most pow-

erful for a fixed selected sample size and tail area, as-
certainment of DSPs is much more difficult than that
of other approaches. Figure 1 shows the ratio of phen-
otyped-to-genotyped individuals for each of the selec-
tion strategies, indicating the relative difficulty of the
schemes in table 2. Selection of DSPs requires an initial
unselected sample that is 110 times larger than the next-
most-difficult scheme (ASP), and the required size of the
initial sample is ∼300 times larger than that of the eas-
iest scheme (EP). In practice, for the most extreme se-
lection in table 2 ( ), this implies that the 180a p 0.05
DSPs analyzed would have been drawn from 1290,000
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Figure 1 Differences in selection ratio for various sampling de-
signs. Under truncate selection, any threshold of selection (Za) requires
screening different numbers of families for each selection strategy. The
bars show the number of families phenotyped per family selected for
genotyping, for a p .50, .30, .10, and .05.

families in the initial set, whereas the ASPs and EPs
would require initial sets of ∼22,000 and ∼1,000 fam-
ilies, respectively. Thus, DSP selection involves much
higher phenotyping costs than those required by any of
the other selection schemes. These sampling differences
point to the EP method as a practical alternative to DSP
selection, because it is the easiest selection scheme yet
provides comparable power. Coupled with the out-
comes in table 1, these results suggest that selection
based on EPs from either tail is efficient and powerful
for family-based association analysis of both triad fam-
ilies and small sibships.

The results in table 1 and table 2 are most useful for
designing a new study, where there is flexibility in de-
termining the size of the initial sample and the intensity
of selection. However, the preceding results are less use-
ful for comparison of subselection strategies in phen-
otyped cohorts, such as existing family collections (see
the description of proportional selection in the Methods
section). Table 3 presents power comparisons for the
latter situation.

The comparisons in table 3 involve the same number
of selected individuals and the same selection ratio
across all six selection strategies. The rows show the
selection ratio (e.g., 1 is random selection; 20 indicates
that the initial sample size is 20 times larger than the
selected size). The columns compare the various designs
and show power when the trait is considered as discrete
(TDT) or continuous (PDT or QTDT).

Again, as expected, DSPs provide considerable in-
creases on a per-genotype basis. However, for a fixed
cohort size and selection ratio, DSP is not the most
powerful selection strategy: the EP design offers more

power than the DSP approach. The difference is greatest
at low levels of selection (selection ratio 2–4), where EP
selection can yield 30%–50% more power than DSP.
These advantages decrease as the intensity increases.

Most of the other selection strategies have similar
power at high selection ratios but have consistently less
power than EP or DSP selection. Note that the ASP
design performs poorly for family-based association (us-
ing the TDT), because it induces fixation of common
alleles. In general, the pattern of power for the various
designs is EP 1 DSP 1 EDAC 1 CSP � AP 1 ASP.

Effect of Allele Frequencies

The results presented thus far assume a trait locus with
equally frequent alleles and a relatively common SNP
marker (minor allele frequency p .40). Although these
constraints correspond to the common-disease/common-
variant hypothesis and are useful when comparing var-
ious selection strategies, they do not permit assessment
of the effects of allele frequencies on power. Figure 2
summarizes power for a range of trait- and marker-allele
frequencies in unselected samples. Trait-allele frequen-
cies are shown on the x axis, and the frequency of the
associated marker allele on the y axis. Regions of similar
power are shown within specific contours. Clearly, the
power is greatest when the trait allele is common, be-
cause such alleles offer the most within-family genotype
variability. Even more important, however, is the fre-
quency difference between trait and marker alleles.
Power is maximal whenever the trait- and marker-allele
frequencies are identical, and it decreases rapidly when
they differ. Thus, for the sample size considered, an op-
timal trait locus of 50% frequency has 160% power
when associated with a marker allele of identical fre-
quency but is virtually undetectable when paired with
an allele of 10% frequency, despite the same degree of
disequilibrium (D′) in both cases.

The results shown in figure 2 also emphasize the im-
portance of phase for association studies: markers must
not only have allele frequencies similar to those of the
trait locus, but the specific associated allele must be in
phase. For example, a marker-trait pair each having 80:
20 allele-frequency patterns can yield dramatic power
or, essentially, none at all, depending on whether the
QTL allele (of 20% frequency) is associated with the
rare (optimal power) or common marker allele (no
power). The importance of phase is well known for stud-
ies of single-gene disorders but is rarely noted in com-
plex-trait applications.

In selected samples, trait- and marker-allele frequen-
cies also have a major effect on power. Figure 3 shows
the relationships of the marker and trait allele frequen-
cies for all the selection strategies considered. In all cases,
the allele frequencies refer to the original, unselected
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Table 3

Power for Equal Selection Ratios

ANALYSIS TYPE

AND MODEL

POWER FOR SELECTION RATIOa p

1 (50) 2 (100) 4 (200) 8 (400) 12 (600) 16 (800) 20 (1,000)

Discrete-trait analysis
after dichotomization:
AP .05 .12 .21 .26 .27 .33 .39
EP .05 .12 .15 .16 .19 .18 .19
ASP .05 .08 .09 .13 .18 .20 .28
CSP .05 .04 .06 .09 .09 .11 .16
DSP .05 .08 .18 .27 .31 .28 .40
EDAC .05 .09 .12 .16 .15 .16 .20

Quantitative-trait analysis:
APb .21 .22 .28 .30 .31 .34 .41
EPb .21 .38 .51 .57 .59 .63 .73
ASP .21 .09 .05 .03 .05 .03 .02
CSPb .21 .17 .26 .30 .31 .32 .48
DSPb .21 .24 .38 .47 .57 .59 .75
EDACb .21 .31 .36 .43 .42 .44 .49

NOTE.—Power is the proportion of 1,000 simulated data sets exceeding the 1% empirical significance
level, estimated from 50,000 simulations. A diallelic trait locus with equifrequent alleles accounts for 10%
of the total trait variance. The marker locus minor allele frequency was .40, with vp .0005 (∼50 kb) and
D′ p 0.75. The residual sibling resemblance is .30. For each selection ratio, 50 sib pairs were selected as
described for “proportional” selection. The selection intensity in each column is constant. Under this scheme,
the phenotypic tail area varies. Results refer to continuous-trait analysis by PDT or discrete-trait analysis
by the TDT.

a Nos. in parentheses indicate no. of pairs phenotyped.
b Treatment as continuous variable provides more power than does treatment as a discrete variable.

population. For ASPs, the results are shown for the TDT;
for all other designs the results were obtained from the
PDT or QTDT, whichever provided more power for the
specific selection scheme (table 3). All selection strategies
can improve power when an appropriate test of asso-
ciation is chosen (e.g., 180% power is possible for spe-
cific combinations of trait- and marker-allele frequencies
in all selected samples). Nevertheless, there is consid-
erable variability among the designs.

Different selection strategies favor various types of
QTL allele profiles. Selection involving only the upper
tail of the distribution (e.g., AP and ASP) provides con-
siderable power for rare trait increasing QTL alleles,
whose frequencies increase in the genotyped sample.
However, if the QTL is common in the population (i.e.,
the major allele yields increased trait scores), selection
on that tail can fix the allele in the genotyped sample
and does not enhance power for family-based associa-
tion tests. Selection designs involving sib pairs from ei-
ther tail of the distribution (CSP and EDAC) yield
roughly uniform power across the range of QTL allele
frequencies. Again, the greatest power for all allele fre-
quencies is in DSP and EP designs. For these designs,
the power to detect QTL association is 180% for
all pairs of well-matched trait- and marker-allele
frequencies.

Figure 3 also shows striking differences between se-
lection strategies for the relationship between trait- and

marker-allele frequencies. The width and overall shape
of the internal contour in each panel of figure 3 indicate
the permissible frequency range, that is, the degree to
which the marker-allele frequency can deviate from the
trait-allele frequency before power is substantially re-
duced. With the exception of the single-tail selection
schemes (AP and ASP), the greatest permissible range
for all strategies occurs when the QTL has equifrequent
alleles. This is most evident under DSP selection; for
example, when the QTL has 50% frequency, a marker
of 20%–80% allele frequency still yields 180% power.
In contrast, the permissible range for rare (or common)
QTL alleles is quite narrow under DSP selection, for
example, detection of association with a QTL of 5%
frequency has 180% power only for marker alleles hav-
ing frequencies of 3%–8%. For the single-tail AP and
ASP methods, the range is greatest for rare alleles, with
AP permitting greater divergence than ASP. The CSP and
EDAC designs have more-restricted frequency profiles
and retain maximum power only when the marker and
trait allele frequencies are fairly similar. EP selection ap-
pears uniformly effective for most trait-allele frequen-
cies. The EP design is nearly as permissive as the DSP
approach in the middle frequency range and is better
than ASPs at the lower range. These results point to EP
selection as offering robustness to allele-frequency var-
iation, in addition to providing a useful balance of sta-
tistical power and simplicity of ascertainment.
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Figure 2 Effect of marker- and trait-allele frequencies on power
(random ascertainment). Power was evaluated for 121 combinations
of trait- and marker-allele frequencies. In each case, power is the pro-
portion of 1,000 simulated data sets exceeding the empirical 1% sig-
nificance level, estimated from 50,000 simulations. Each data set in-
cluded 180 sib pairs where a diallelic trait-locus allele accounts for
10% of the total trait variance. Trait- and marker-locus allele fre-
quencies were as specified, with v p .0005 (∼50 kb), and D′ p 0.75.
The residual sibling resemblance is .30.

Effect of Background Correlation between Siblings

All results presented thus far have assumed a relatively
large (30%) background resemblance between siblings,
which may correspond to a combination of genetic
effects at other loci (�60%) and shared environmental
effects. Although sibling resemblance affects the various
tests differently, it does not appear to change their rel-
ative ordering. In particular, the efficacy of DSP selection
increases as background sibling resemblance increases
(10%–50%), whereas the ASP, ESP, and CSP strategies
are clearly more powerful for phenotypes with a low
degree of background sibling resemblance. The overall
shape of power contours is not affected by the degree
of background correlation between siblings.

Comparison of Various Tests

Although the main focus of the present study is the
evaluation of study-design issues (selection strategies and
marker-allele frequencies), it also provides an opportu-
nity to compare some of the available family-based tests
of association. We find that both quantitative tests
(QTDT and PDT) are generally much more powerful
than the TDT whenever genotyped offspring are avail-
able in both tails of the distribution.

There are no substantive differences in the perform-
ance of the PDT and QTDT in parent-offspring trios,
before or after selection (table 1). The QTDT model
includes linkage and familial effects as variance com-
ponents, but their effect size cannot be reliably estimated
in selected samples. Although QTDT is more powerful
than the PDT in unselected sib pairs (table 2) or in larger
families (e.g., in a set of 90 four-offspring families sim-
ulated as in table 2, power at the .01 significance level
is .55 for QTDT but only .45 for the PDT) this advan-
tage does not hold in strongly selected samples (table 2).
When the QTDT is used, we find that care must be taken
in the choice of association model for sib pairs. In par-
ticular, CSP samples induce a correlation between the
number of alleles in each family (the between-family
component of association) and allelic transmission (the
within-family component of association) so that the two
components of association are not orthogonal. That is,
in the selected sample, trait-decreasing alleles tend to
be transmitted to sibs concordant for low phenotypic
scores, as expected, but these tend to occur in families
with more trait-decreasing alleles, and the reverse is true
for trait-increasing alleles. This reduces power for QTDT
in CSP and strongly selected EDAC samples (table 2),
but the reduction can be remedied by selecting an as-
sociation model without the bb parameter, which is also
valid (Fulker et al. 1999). When an appropriate model
is selected, we found the QTDT to be more powerful
than the PDT for families with three or more offspring.

The ASP design, which removes increasing amounts
of variation within the genotyped sample, is poorly
suited to quantitative trait-based analyses, particularly
at high levels of selection intensity. Nevertheless, even
for discrete-trait TDT analysis, ASPs provide less power
than other selection strategies with similar selection ra-
tios, emphasizing the gains possible in QTL association
analyses of selected samples. Interestingly, if unselected
siblings are also available (e.g., if sib trios are selected
on the basis of a pair of EPs), power for ASPs is greater
with continuous-trait analysis than with TDT modeling
(data not shown).

Discussion

As has been demonstrated for linkage studies, selected
sampling can dramatically increase power to detect al-
lelic association in families. The present results indicate
that careful selection can yield a reduction in genotyping
requirements of several orders of magnitude compared
with that required for randomly selected samples. As
expected on the basis of studies reported elsewhere (Al-
lison et al. 1998; Schork et al. 2000), DSPs provide the
most dramatic gains in power for association. However,
ascertainment of DSPs requires phenotype screening of
many more families than do other strategies, and DSP



Figure 3 The effect of marker- and trait-allele frequencies on power (under selection). Power was evaluated for 121 combinations of
trait- and marker-allele frequencies. In each case, power is the proportion of 1,000 simulated data sets exceeding the empirical 1% significance
level, estimated from 50,000 simulations. Each data set included 180 sib-pairs where a diallelic trait-locus allele accounts for 10% of the total
trait variance. Trait- and marker-allele frequencies were as specified, with vp .0005 (∼50 kb), and D′ p .75. The residual sibling resemblance
is .30. Thresholds for selection were selected so that ∼1 in 50 families was selected for analysis in all strategies (“proportional” selection). The
value shown after each label (e.g., ASP; .08) indicates the approximate tail area used to satisfy the selection ratio of 50.
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strategies can be difficult to implement. The results re-
ported here suggest that single selection of a proband
from either tail of the distribution, coupled with an un-
selected co-sibling, provides nearly as much power as
does the more-stringent DSPs strategy, which requires a
300-fold increase in the number of phenotyped families.
Thus, EP selection appears to be a practical, efficient,
and powerful sampling design for family-based associ-
ation studies.

In practice, it is important to consider not only how
much power is afforded on a per-genotype basis for each
selection strategy but also the cost of sample collection
and of particular study designs. If a large registry of
phenotyped individuals exists and a subset is to be se-
lected for genotyping, then all selection strategies have
the same cost. In this case, we find that selection on the
basis of EPs provides similar power to DSPs for very
polymorphic trait alleles (∼50%) and is more efficient
for very rare (!20%) or very common alleles (180%).
If families are to be sampled from the population until
a prescribed number meet the selection criteria, the
problem is more complex. In this situation, AP or EP
collections—which might be started from probands en-
countered through clinical practice, questionnaire sur-
veys, or other means—are likely to be much less costly
than DSP collections, which require prospective phen-
otyping of many complete families. In addition, for
studies involving only a few markers, in which phen-
otyping costs exceed genotyping costs, it might be rea-
sonable to select a less-efficient selection strategy and
absorb the associated increase in genotyping costs.

The results reported here also emphasize the impor-
tance of allele frequencies at both the trait and marker
loci as suggested in previous studies of discrete traits
(Muller-Myhsok and Abel 1997; Tu and Whittemore
1999). Common trait alleles naturally offer more power
than rare alleles, but, in general, it is more important
to have the marker and trait alleles match in frequency
than it is to have only one of them be common (fig. 3).
Thus, although the large, ongoing initiatives to identify
common SNPs in humans are well suited for detection
of QTLs with common variants, it is unlikely that they
will perform well with QTLs of low (!20%) or high
(180%) frequency. In these cases, the publicly available
SNPs may not be sufficient for association mapping,
and additional SNP mining may be required.

There is a clear interaction between selection design
and the degree to which marker- and trait-allele fre-
quencies can differ before power decreases. That is, the
permissible range of differences in QTL-marker fre-
quency varies as a function of selection strategy. Strat-
egies involving selection on only one tail (ASPs or single
AP) tolerate large differences at low frequencies (if the
selected tail matches the rarer allele) but are less pow-
erful for common or high-frequency alleles. Alterna-

tively, strategies such as the DSP design allow substan-
tial marker-trait differences in the middle frequency
range but only small deviations at the high or low ends
of the distribution. The EP-selection model appears
most balanced, affording a relatively wide range of
permissible frequencies across the entire frequency
spectrum.

Availability of parental genotype data also should be
considered when choosing a selection strategy. Although
all results presented here have made use of parental
genotype information, the quantitative tests we exam-
ined do not require such information, except in families
with only one offspring. Excluding parental genotypes
naturally results in a decrease in power for all selected
and unselected samples. This decrease is especially sig-
nificant for strategies that select similar siblings who are
likely to be identical at the trait locus (ASP, CSP, or
EDAC with a small tail area) so that segregating alleles
often cannot be identified. Thus, when parental geno-
types are unavailable, these strategies lose virtually all
utility and provide little or no power for family-based
tests of association. A substantial decrease in power was
also observed for the EP and AP strategies, but very
little or no power was lost for DSP. In all cases, it is
possible to compensate for the reduction in power that
results from missing parents by genotyping additional,
unselected siblings (Abecasis et al. 2000a). However, a
word of caution is required, since parental and sibling
genotypes help detect pedigree errors, which occur at a
low but significant rate in most human samples, and
are likely to be enriched in DSPs and other samples of
unusual relatives. Selecting a model of association for
selected data also requires some forethought about anal-
ysis methods, since various models of association for
quantitative traits perform better for various selection
strategies. For example, QTDT models including both
a between- and within-family component association
(Fulker et al. 1999; Abecasis et al. 2000a) perform
poorly when CSPs are analyzed, whereas models in-
cluding only within-family allelic transmission, such as
the PDT, are more powerful in this case (Rabinowitz
1997; Martin et al. 2000a). Therefore, in samples con-
sisting mostly of CSPs (i.e., CSP or EDAC), a between-
family component of association should not be esti-
mated. In contrast, the between/within QTDT method
is more powerful than the PDT as family sizes increase.
For example, even a slight increase of sibship size (from
two to three) offsets the PDT advantage for CSPs. ASP
designs perform best with trait dichotomization and
TDT analysis. The power of methods that rely on ar-
bitrary dichotomization of trait values has been thor-
oughly described elsewhere (Page and Amos 1999).

All our analyses have focused on family-based selec-
tion for a single trait. We have considered this trait as
resulting from multifactorial influences as well as an
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additive QTL of relatively large effect (10%). The pre-
sent pattern of results does not strongly depend on the
assumption of a large QTL, because the same relative
ordering of outcomes was observed with a QTL of 5%
effect (data not shown). Tests of association can also
accommodate dominance and epistatic effects, but the
present investigation does not cover these possibili-
ties—for example, mapping dominance and epistatic ef-
fects might require even stricter matching of marker-
and trait-allele frequencies. The design of association
studies is an area of active research, and many inter-
esting issues remain to be explored. In particular, the
ability to select for loci of modest effect in the presence
of major loci, the ability to explore multiple correlated
phenotypes and studies using a mixture of family and
unrelated individuals are among the issues deserving
further exploration.

The large effect of disequilibrium on power in ran-
dom samples has been demonstrated by others (Fulker
et al. 1999). We have shown that, although selection
can further increase power, the detection of association,
even after selection, requires that patterns of allele fre-
quencies at the trait and marker loci be similar and that
the loci be in phase. In our simulations, common SNP
alleles provide only marginal benefits, and they provide
none at all if allele frequencies at the QTL are very
different. Also, the AP and ASP selection strategies cur-
rently in widespread use favor rare alleles and therefore
may not be well suited for common diseases. Although
DSPs are desirable for common alleles, selection on a
single EP and unselected siblings may offer the most
practical advantages across the marker- and QTL-fre-
quency range. For any selection strategy, chances of
successful localization of human QTLs by association
should increase if a variety of SNP markers with dif-
ferent allele frequencies and patterns of disequilibrium
are examined.
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