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Association Testing with Related Samples

Introduction

� Consider testing for association between a disease and a
genetic marker

� Another way of looking at case-control association testings is
as a comparison of allele/genotype frequencies.

� Idea is to look for an association by identifying genetic
markers with large frequencies differences between the cases
and controls.
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Association Testing
� Below is a simple example to illustrate association testing at a

genetic marker with two allelic types, A and a

Cases

AA Aa AA

AA AA Aa

Controls

Aa aa Aa

Aa Aa aa
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Association Testing with Related Samples

� We consider the problem of testing for association between a
binary trait and a genetic marker in a case-control design in
which some individuals are related with known relationships.

� Advantages in using related individuals in association studies
� Enrichment of susceptibility alleles in affected individuals with

affected relatives (power may be improved)
� Unaffected relatives of cases can be used as controls to protect

against potential problems of unknown population
substructure.
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Case-Control Association

� For a given disease or trait, suppose case and control
individuals have been sampled and genotyped.

� Consider a single marker with 2 allelic types labeled “0” and
“1”

� Let p be the frequency of allelic type 1, where 0 < p < 1.

� Let N be the number of individuals in the study.

� Y = (Y1, . . .Yi , . . .YN)T where Yi =
1
2 × (the number of

alleles of type 1 in individual i). So the value of Yi is 0,
1
2 , or

1.
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Common Form for Association Tests
� Measures for allele frequency differences between cases and

controls generally have the following common form:

T = p̂case − p̂null

� where p̂case is estimator of case allele frequency, p̂null is
estimator of allele frequency calculated under assumption of
no association,

� A simple measure of T is

T =
1

Nca

�

i∈cases
Yi −

1

Nco

�

i∈controls

Yi

� E (T ) = 0 and T approximately follows a normal distribution
under the null hypothesis of no association between trait and
genetic marker.

6 / 16



Association Testing with Related Samples

Common Form for Association Tests

� W = T 2

Var0(T ) can be used to test for association between the

trait and the marker, where Var0(T ) is the variance of T
under the null hypothesis

� Many association statistics have this form including the
classical Pearson’s χ2 test

� Under the null hypothesis, W approximately follows a χ2
1

distribution

� Var0(T ) is a function of
�

V (Yi ) and
�

Cov(Yi ,Yj), for all i
and j .

� V (Yi ) =
1
2p(1− p) for all outbred i .
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Covariance Structure with Known Genealogy

� If i and j are unrelated, then Cov(Yi ,Yj) = 0

� If i and j are related, then they have correlated genotypes

� For any pair of related individuals i and j ,
Cov(Yi ,Yj) = p(1− p)φij

� φij is the kinship coefficient between individuals i and j

� The kinship coefficient for i and j is the probability that a
random allele selected from i and a random allele selected
from j are identical by descent (IBD).

� φij is also the correlation between Yi and Yj
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Covariance Structure with Known Genealogy

� Var0(T ) is essentially a correction factor that is a function of
the Kinship Matrix Φ. For individuals 1, 2, . . .N

Φ =





1 + h1 2φ12 . . . 2φ1N

2φ12 1 + h2 . . . 2φ2N
... . . . . . .

...
2φN1 2φN2 . . . 1 + hN




,

where hi is the inbreeding coefficient of individual i , and φij is
the kinship coefficient between individuals i and j .
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Covariance Structure with Known Genealogy

Table: Kinship Coefficients

Relationship φ
parent-offspring 1/4
full siblings 1/4
aunt-niece 1/8
first cousins 1/16
unrelated 0
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Association Methods for Related Samples
Allelic Tests

� Risch and Teng (1998)
� Compare allele frequencies of DNA pools of unaffecteds to

frequencies in affected related individuals
� Derived for particular cases of close relatives

� Corrected χ2 (Wχ2
corr

) test: Bourgain et al. (2003)
� Pearson’s χ2 test with a variance correction.
� Correction factor takes into account the correlations between

related individuals to obtain correct type I error
� Arbitrarily complex pedigrees.

� A quasi-likelihood score (WQLS) test: Bourgain et al. (2003)
� Instead of giving individuals equal weights and then correcting

variance, weights depend on the correlations between related
individuals (to maximize non-centrality parameter within a
class of linear statistics).

� Arbitrarily complex pedigrees
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Association Methods for Related Samples

� Modified quasi-likelihood score (MQLS) test: Thornton and
McPeek (2007)

� Improves power by capitalizing on the enrichment of
predisposing alleles in affected related individuals

� Optimal in a general class of linear statistics for arbitrary
2-allele disease models

� Arbitrarily complex pedigrees

Genotypic Tests
� Slager and Schaid (2001) WSS test

� Treats individuals as unrelated and applies a correction factor
� Correction factor calculated conditional on genotype data in

region.
� Derived for particular cases of close relatives
� Similar to Wχ2

corr
allelic test
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Association Methods for Related Samples
� All of the methods have the following form:

W =
(p̂case − p̂null)

2

Var0 (p̂case − p̂null)

� p̂case is estimator of case allele frequency, p̂null is estimator of
allele frequency calculated under assumption of no
association, and Var0 (·) denotes variance calculated assuming
that there is no association.

� Risch and Teng (1998), Wχ2
corr

, and Slager and Schaid (2001):
p̂case is sample mean of cases and p̂null is the sample mean
based on everyone

� WQLS : p̂case is BLUE of allele frequency for cases and p̂null is
the BLUE of allele frequency for everyone

� MQLS : p̂case is estimator based on phenotypes and pedigree
for all individuals and p̂null is the BLUE for everyone
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Association Methods for Cryptic Relatedness

� Choi, Wijsman, and Weir (2009) estimate relatedness using an
EM algorithm (discussed in lecture 9). Use IBD sharing
probability estimates to correct the variance of the Pearson χ2

test.

� Thornton and McPeek (2010) use known pedigree information
to improve power. Correct the variance of various association
statistics using an empirical covariance matrix to adjust for
known, unknown, and misspecified relationships.
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X-Chromosome Association Testing with Related Samples

Association Testing on the X-chromosome

� Association methods have primarily been developed for the
analysis of markers on the autosomal chromosomes; generally
not directly applicable to markers on the X-chromosome

� Females and males have different copy numbers of the
X-chromosome, where females have two copies and males
have only one
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Recent Work for X-chromosome Association Testing

� Clayton D (Biostatistics 2008) proposed 1 and 2
degrees-of-freedom χ2 tests for the association of bi-allelic
markers on the X-chromosome in samples with unrelated
individuals

� Uh et al. (BMC Genetics 2009) proposed an X-chromosome
method for samples with related individuals.

� Proposed analyzing males and females separately, and then
combining results for a 2 degrees-of-freedom χ2 tests.

� Use autosomal kinship coefficients to account for the
correlated alleles/genotypes in the sample.
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Association Testing on the X-chromosome
� We consider the problem of testing for association between a

binary trait and a X-linked genetic marker in a case-control
design in which some individuals are related with known
relationships

� We focus on the analysis of markers from the
non-pseudoautosomal region of the X-chromosome, where
there is no recombination between the X and Y chromosomes.

� For markers on the pseudoautosomal region of the X and Y
chromosomes, autosomal association methods for related
individuals can be used to analyze data of this type.

� As in our previous work for autosomal chromosomes, we do
not put constraints on how the individuals might be related,
allowing for individual relationships to be quite complex,
including inbred populations

4 / 1



X-Chromosome Association Testing with Related Samples

Association Testing on the X-chromosome

� Challenges for methodology development
� Accounting for allele copy number differences in males and

females for X-linked markers
� Appropriately adjusting for correlations among same and

different gender relatives
� Computationally feasible for thousands of markers and/or

extremely complex pedigrees.

� For a given disease or trait, suppose case and control
individuals have been sampled and genotyped.

� Consider a single X-linked marker with 2 allelic types labeled
“0” and “1”

� Let p be the frequency of allelic type 1, where 0 < p < 1.

� Let N be the number of individuals in the study.
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Association Testing on the X-chromosome

� We define YX = (Y X
1 , . . .Y X

i , . . .Y X
N )T where

Y
X
i =

�
1
2 × (the number of alleles of type 1 in individual i) for i female
I {the allele in individual i is of type 1} for i male

� So the value for Y X
i is 0, 1

2 , or 1 for females, and 0 or 1 for
males.

� We construct Y X
i in such a way such the under the null,

E [Y X
i ] = p for i male or female
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Dosage Compensation

� Y
X
i is 0, 1

2 , or 1 for females, and 0 or 1 for males.

� Y
X
i also corresponds nicely with dosage compensation model

� Dosage compensation is a special mechanism in human cells
where there is an inactivation of one of the X chromosomes in
females.

� If the trait were caused by the X-linked marker, then under
dosage compensation trait model:

� A male with 1 allele of type 1 will have an equivalent
phenotypic expression to that of a homozygous (1,1) female

� A male with 1 allele of type 0 will have an equivalent
phenotypic expression to that of a homozygous (0,0) female
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Null Variance

� Let Σ0 denote the covariance matrix of YX under the null
hypothesis of no association.

� Under the assumption that Hardy-Weinberg equilibrium
(HWE) holds at the marker, it can be shown that
Σ0 = p(1− p)ΦX where

ΦX =





φX
11 φX

12 . . . φX
1n

φX
12 φX

22 . . . φX
2n

... . . . . . .
...

φX
n1 φX

n2 . . . φX
nn





where φX
ij is the X-kinship coefficient for i and j .
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Outbred Kinship Coefficients

Table: X and Autosomal Kinship Coefficients for a Nuclear Family

Relationship of j to i φij φX
ij

Mother of i 1
4

1
4 if i is female, 1

2 if i is male
Father of i 1

4
1
2 if i is female, 0 if i is male

Full sister of i 1
4

3
8 if i is female, 1

4 if i is male
Full brother of i 1

4
1
4 if i is female, 1

2 if i is male
i (Self-kinship) 1

2
1
2 if i is female, 1 if i is male

φX
ij is the X-chromosome kinship coefficient for i and j

φij is the autosomal kinship coefficient for i and j
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Relaxing the Hardy Weinberg Assumption

� We provide another approach to the estimation of the
covariance matrix of YX.

� In the absence of HWE, we estimate the variance for an
outbred female with σ̂2

2, where σ̂2
2 is the sample variance for

outbred females

� For males, the variance is p(1− p) as before, since males only
have 1 allele at an X-chromosome marker.
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The XM Association test

� Thornton et al. (Genet Epidemiol, 2012) developed the XM

test for X-chromosome association analysis

� XM , that appropriately adjusts for correlated alleles and
genotypes among same and different gender relatives

� The method also accounts for allele copy number differences
in females and males.

� Some of the features of the method include:
� applicable to completely general combinations of family and

case-control designs
� can incorporate different trait prevalence values for females

and males
� allows for both unaffected controls and controls of unknown

phenotype to be included in the same analysis.
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The XM Association test

� XM is analogous to the MQLS test proposed by Thornton and
McPeek (AJHG 2007)

� Under a dosage compensation trait model, XM is optimal for
2-allele additive models as the effect size goes to 0.
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The Xχ test

� Also developed the Xχ association test for X-linked markers
chro

� Xχ is an extension of the test proposed by Clayton D
(Biostatistics 2008) for samples with related individuals.

� It is analogous to the corrected Pearson’s χ2 statistic of
Bourgain et al. (AJHG 2004) for association testing for
markers on the autosomal chromosomes in related samples.

� Both Xχ and XM approximately follow a χ2 distribution with
1 degree of freedom under the null hypothesis.

13 / 1



X-Chromosome Association Testing with Related Samples

Simulation Studies
� Compare the power and the type I error of the XM and Xχ

tests.
� Simulated 60 extended pedigrees that consist of 16 individuals

(8 males and 8 females) with 3 generations.
� 20 pedigrees with 4 affecteds, 20 pedigrees with 5 affecteds,

and 20 pedigrees with 6 affecteds
� Modeled a situation in which families are ascertained when

there are multiple affecteds
� An individual (affected or unaffected) from an extended

pedigree is included in our simulation study if at least half of
the individuals’ siblings, parents, and/or offspring in the
extended pedigree are affected.

� 200 unaffected unrelated individuals (100 females and 100
males) from the population were used as controls in addition
to the related controls
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Simulation Studies

� We consider four different classes of multigene X-chromosome
dosage compensation trait models.

� Model I has two unlinked causal SNPs on with epistasis
between them and both of them acting dominantly.

� Model II also consists of two unlinked causal SNPs on the
X-chromosome with epistasis between them, with SNP 1
following a general two-allele model and SNP 2 acting
recessively.

� Model III has two unlinked causal SNPs with epistasis
between them, with SNP 1 acting recessively and SNP 2
acting dominantly.

� Model IV has three unlinked causal SNPs with epistasis
between them and with each SNP acting dominantly.
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Simulation Studies: Type I Error

� Simulation studies were conducted under the null hypothesis
to verify the accuracy of the χ2

1 approximation for XM and Xχ.

� Model I was used to simulated disease status, and then SNPs
that were not linked or associated with the causal SNPs were
tested for association.
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Simulation Studies: Type I Error

Table: Empirical Type I Error of XM and Xχ, Based on 5,000 Simulated
Replicates

Empirical Type I Error (SE)
with Nominal Type I Error of

.05 Level .01 Level
p XM Xχ XM Xχ

.4 .048 (.003) .054 (.003) .010 (.0014) .011 (.0015)

.2 .045 (.003) .044 (.003) .008 (.0013) .010 (.0014)

.05 .051 (.003) .050 (.003) .010 (.0014) .009 (.0013)

� Association is tested with a bi-allelic X-linked marker having
minor allele frequency p.
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Simulation Studies: Type I Error

Table: Empirical Type I Error, at Level .0001. Based on 100,000
Simulated Replicates

Empirical Type I Error: .0001 Level
p XM Xχ

.4 .00010 .00012

.2 .00015 .00013
.05 .00009 .00015

� Association is tested with a bi-allelic X-linked marker having
minor allele frequency p.

� Using an exact binomial calculation, empirical type 1 error
rates falling in the range of .00004 to .00016 are not
significantly different from the nominal .0001 level.
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Simulation Studies: Power

Table: X-Chromosome Multigene Disease Models: Empirical Power and
SE for Xχ and XM . Based on 5,000 Simulated Replicates

SNP1 Allele Population Estimated Power (SE)
Model Frequency Prevalence XM Xχ

I .2 .09 .73 (.006) .63 (.007)
II .5 .14 .86 (.005) .87 (.005)
III .4 .08 .96 (.003) .93 (.004)
IV .3 .05 .84 (.005) .85 (.005)
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Application to GAW 14 COGA Data

� The Collaborative Study of the Genetics of Alcoholism
(COGA) provided genome screen data for locating regions on
the genome that influence susceptibility to alcoholism.

� There were a total of 143 pedigrees with each pedigree
containing at least 3 affected individuals.

� Individuals that were labeled as “white, non-Hispanic” were
considered.

� 830 cases, 187 unaffected controls, and 13 controls with
unknown phenotype.

� Affymetrix 10K Array: 310 SNPs on X-chromosome
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Significant Association with the MAOA Gene

� XM found a significant association with rs979606:�
P = 7.65 · 10−6 uncorrected, .002 corrected

�

� rs979606 is in an intron of the MONOAMINE OXIDASE A
(MAOA) gene

� The Monoamine oxidase-A gene is involved with the
production of the enzyme monoamine oxidase. The enzyme
breaks down chemicals (neurotransmitters) that control mood,
aggression, and pleasure.

� From Online Mendelian Inheritance in Man (OMIM): A
number of studies have showed that low levels of MAOA
expression are associated with

� antisocial behavior: violent, criminal, or impulsive behavior
� inefficiency of handling conflict
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The MAOA Gene and Antisocial Behavior

� Caspi et al. (Science 2002) studied a population of 1,037
children from the New Zealand’s Dunedin Multidisciplinary
Health and Development Study, which began in 1972, who
were followed and assessed from birth through age 26 years.

� 52% of the children were male
� For the 8% of the male children that were severely maltreated

between the ages of 3 and 11 years, found that those with low
MAOA activity were much more likely to develop antisocial
behavior, conduct disorder, a disposition toward violent
behavior, or conviction for violent offense than were those with
high MAOA activity.

� Significant gene-environment interaction: With the
absence of abuse, having low MAOA activity did not make
boys any more likely to be antisocial
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The MAOA Gene association with Alcoholism and
Antisocial Behavior

� Ducci et al. (Molecular Psychiatry 2008) conducted a study
of alcoholism and antisocial personality disorder (ASPD) in a
sample of 291 women, 50% of whom experienced child sexual
abuse (CSA).

� Participants included 168 alcoholics (39 with ASPD) and 123
controls (no alcoholics and no ASPD).

� Low MAOA activity was associated with alcoholism (P =
0.005), particularly antisocial alcoholism (P = 0.00009), but
only among sexually abused subjects.

� Sexually abused women who were homozygous for the low
activity allele had higher rates of alcoholism and ASPD than
abused women homozygous for the high activity allele.
Heterozygous women displayed an intermediate risk pattern.

� Significant gene-environment interaction: Among
non-sexually abused women, there was no relationship between
alcoholism/antisocial behavior and MAOA . 23 / 1
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The MAOA Gene association with Alcoholism and
Antisocial Behavior

� Tikkanen et al. (Alcohol Clin Exp Res May 2010)
� Studied a male sample of 174 impulsive Finnish alcoholic

violent offenders
� Found that MAOA gene expression as well as heavy drinking

and childhood abuse were significant predictors of recidivism in
violent behavior for these individuals

� Wang et al. (Progress in Neuro-Psychopharmacology &

Biological Psychiatry 2007)
� Studied a sample of 231 Han Chinese males in Taiwan, 73 of

which were diagnosed with antisocial personality disorder with
alcoholism (Antisocial ALC) and 158 subjects diagnosed with
antisocial personality disorder without alcoholism (Antisocial
Non-ALC).

� Found a significant antisocial alcoholism association with the
interaction of the MAOA and DRD2 genes
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The MAOA Gene association with Alcoholism and
Antisocial Behavior

� Saito et al. (Psychiatry Research 2002)
� Analyzed a cohort of Finnish males with either type 1 (144

individuals) or type 2 alcoholism (58 individuals)
� Compared the two alcoholic groups to controls (152).
� Did not find a significant association with the MAOA gene and

alcoholism when comparing each alcoholic group separately
with the controls

� Found a ”trend towards significance” when comparing the
combined alcoholism groups to the controls
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