
© Copyright Norsk Regnesentral 

Experimental design and statistical 
analysis of SNP data obtained in 

genetic association studies  

 

                 NOTAT/NOTE 
 Norwegian Computing Center/Applied Research and Development 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAMBA/28/03 
Marit Holden 

Ola Haug 
 Oslo 

December 2003 
 
 
 

 

Figure taken from The Human Genome Project 
at http://www.ornl.gov/hgmis/ 



 NR-notat/NR Note 
 

Norsk Regnesentral / Norwegian Computing Center 
Gaustadalléen 23, Postboks 114 Blindern, 0314 Oslo, Norway 
Telefon 22 85 25 00, telefax 22 69 76 60  

 
    © Copyright Norsk Regnesentral 

 
Tittel/Title: 
Experimental design and statistical analysis of SNP data obtained in 
genetic association studies 

Dato/Date: December 
År/Year: 2003 
Notat nr: SAMBA/28/03 
Note no:  
 

Forfatter/Author: 
Marit Holden, Ola Haug 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sammendrag/Abstract: 
A literature search for papers describing mean-scale and large-scale SNP-experiments with focus on 
biomedical research has been performed. The aim has been to find the “state-of-the art” within this 
area to make a web page with advices to scientist planning and analysing such experiments. The 
results of this literature study are given in a PowerPoint presentation and on the web page 
http://www.nr.no/documents/samba/research_areas/SMBI/BioSNP/. The most concrete advices, 
including references to available software, are given for hypothesis testing and case-control studies. 
Short descriptions of other experimental designs and statistical methods, are also given. 
 

Emneord/Keywords: 
 

SNPs, genetic association studies, experimental design, case-
control design, statistical analysis  

Tilgjengelighet/Availability: Open 

Prosjektnr./Project no.: 220090 

Satsningsfelt/Research field: Bioinformatics 
 
Antall sider/No. of pages: 32 

 



 

 

 
 
 
 
 
 
 

Contents  
Experimental design and statistical analysis of SNP data  1 
 
Appendix A – Web pages       3 

Experimental design and statistical analysis of SNP data….……... 4 
Selection of individuals…………………………………………... 5 
Software ………………………………………...………………... 6 
Selection of target SNPs……………………………….…………. 7 
DNA pooling.……….….…………………………………………. 8 
Data analysis……………...……………………………...……….. 9 

 
Appendix B – PowerPoint presentation 11 

Association studies………………………………….…….………. 13 
Experimental design………………………………………………. 15 
Statistical analysis……………………………………………… …19 
A review paper…………………………………………………… 25 
Software ………………………………………...………………... 28 
Literature……………………………….…………………………. 29 



Experimental design and statistical analysis of SNP data obtained in genetic association studies    

 

Norwegian Computing Center 

1

 

Experimental design and statistical 

analysis of SNP data 
A literature search for papers describing mean and large-scale SNP-experiments with 
focus on biomedical research has been performed for finding the “state-of-the art” within this 
area. Papers were searched for mainly in Nature, Nature Review Genetics, Science, 
Current Biology, the American Journal of Human Genetics and the reference lists in the most 
interesting papers. In addition several papers were found from searches in MedLine and 
other Internet resources. A reference list with relevant literature is given in the PowerPoint 
presentation "A survey of experimental designs and statistical analysis of SNP data obtained 
in genetic association studies" presented at a meeting during the project. This PowerPoint 
presentation is included in Appendix B. 
 
Web pages with advices concerning experimental design and statistical analysis of SNP 
data, including references to papers  and software , have been made. A copy of the web 
pages (http://www.nr.no/documents/samba/research_areas/SMBI/BioSNP/) 
is found in Appendix A. The most concrete advices are given for hypothesis testing and 
case-control studies (without DNA pooling). Short descriptions of other experimental 
designs and statistical methods, are also given. 
 
There are two main groups of experimental designs  for genetic associations studies. 
These are case-control designs and family-based designs. Here we have concentrated on 
case-control designs, where we have cases with disease and controls, which are unrelated 
to the cases, without disease. There are three main issues concerning the experimental 
design. These are how to select the individuals for the study, which SNPs to genotype, and 
whether to use DNA pooling or not. When it comes to which  
SNPs to genotype  and whether to use DNA pooling or not, this has not been focused in 
this report. We have therefore assumed that the user already has defined a set of candidate 
genes/SNPs to be examined. This might for instance be a set of SNPs selected within or 
close to a candidate gene. We have also assumed that a design with DNA pooling has not 
been chosen. Use of DNA pooling reduces the cost of large association studies, but results 
in loss of information and additional experimental errors.  
 
One potential, main problem with case-control designs is confounding due to stratification 
(subpopulations), caused by for example ethnicity, age or sex. This means that the finding of 
a positive association between a genetic variant and a complex disease phenotype, does not 
necessarily establish causality. A disease that is prevalent in one subpopulation will be 
associated with any alleles that are in high frequency in that subpopulation. This leads to 
false-positive results and loss of robustness, and thereby inconsistency and lack of 
reproducibility among studies. There are several ways of reducing/avoiding stratification like 
use of family-based designs, where the controls are related to the cases, and use of random 
or unlinked genetic markers. In this project we mainly consider matched case-control 
designs and assume that the cases and controls are chosen such that stratification is no 
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problem. This might be done by the use of matched case-control designs, i.e. studies in 
which the individuals are chosen such that controls are matched to cases on potential 
confounding factors like ethnicity, age and sex.  
 
 
After the SNPs are genotyped, they should be analysed using statistical analysis methods 
to find which of the examined SNPs that are associated with disease. A SNP is associated 
with disease if it is a causal SNP or if it is in linkage disequilibrium with a causal SNP. The 
input to the statistical analysis is for each SNP whether there are 0, 1 or 2 occurrences of a 
certain allele (individual genotyping) or allele frequencies (when DNA pooling has been 
used). The statistical methods are often based on hypothesis testing where H0:”The SNP is 
not associated with disease” is tested against H1:“The SNP is associated with disease”. A 
few methods, which are not based on hypothesis testing are also mentioned. The hypothesis 
test described in detail on the web pages is the Pearson's chi-square test for case-control 
designs (without DNA pooling). Software for doing this standard hypothesis test for SNPs 
obtained from individual genotyping is available (see 
http://www.genetics.med.ed.ac.uk/software/ ). Tools for analysing genotyping data obtained 
from DNA pools are also included in that software.  
 
When designing SNP experiments a decision has to be made about how many individuals 
should be included in the study. A genetic power calculator is available on the Internet (see 
http://statgen.iop.kcl.ac.uk/gpc/). The calculator might be used for estimating how many 
individuals that are needed to obtain a certain power of the test, given a significance level 
and a lower bound for what should be detectable.  
 
Multiple testing is an important issue because complex diseases ask for many SNPs to be 
examined simultaneously, and therefore many hypotheses will be tested simultaneously. The 
simplest and most conservative approach for multiple-testing correction is the Bonferroni 
correction, which has been described in detail on the web pages.  
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Appendix A 

Web pages  
Web pages with advices concerning experimental design and statistical analysis of SNP 
data, including references to papers  and software , have been made. This appendix 
contains a copy of those web pages (see 
http://www.nr.no/documents/samba/research_areas/SMBI/BioSNP/). The most concrete 
advices are given for hypothesis testing and case-control studies (without DNA pooling). 
Short descriptions of other experimental designs and statistical methods, are also given.
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Experimental design and statistical 

analysis of SNP data 

This is a description of how to design and analyse SNP experiments in genetic association 
studies for complex diseases.  

Experimental design 
There are two main groups of designs for genetic associations studies. These are case-
control designs and family-based designs. Here we will concentrate on case-control designs, 
where we have cases with disease and controls, which are unrelated to the cases, without 
disease. There are three main issues concerning the experimental design. These are 
•  How to select the individuals for the study.  
•  Which SNPs to genotype.  
•  Weather to use DNA pooling or not.  

Statistical analysis 
After the SNPs are genotyped, they should be analysed using statistical analysis methods to 
find which of the examined SNPs that are associated with disease. A SNP is associated 
with disease if it is a causal SNP or if it is in linkage disequilibrium with a causal SNP.  

PowerPoint presentation  
The PowerPoint presentation "A survey of experimental designs and statistical analysis of 
SNP data obtained in genetic association studies" is found here. A reference list with 
relevant literature is included in this presentation.  
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Selection of individuals 

The stratification problem 
One potential, main problem with case-control designs is confounding due to stratification 
(subpopulations), caused by for example ethnicity, age or sex. This means that the finding of 
a positive association between a genetic variant and a complex disease phenotype, does not 
necessarily establish causality. A disease that is prevalent in one subpopulation will be 
associated with any alleles that are in high frequency in that subpopulation. This leads to 
false-positive results and loss of robustness, and thereby inconsistency and lack of 
reproducibility among studies.  

How to reduce/avoid the stratification problem 
There are several ways of reducing/avoiding stratification. These are:  
•  Use of family-based designs, where the controls are related to the cases. The most used 
such controls are parents or unaffected siblings.  
•  Use of random or unlinked genetic markers. These might be used to determine the extent 
of stratification by statistical analysis and then to adjust for population stratification.  
•  Study multiple case-control populations (different ethnic groups). If association is seen in 
each population we might conclude that there is causal association.  
•  Use matched case-control designs, i.e. choose the individuals such that controls are 
matched to cases on potential confounding factors like ethnicity, age and sex.  
 
Here we only consider matched case-control designs and assume that the cases and 
controls are chosen such that stratification is no problem. There exist statistical methods to 
check weather stratification is a problem or not for a certain data set, see for example 
Pritchard & Rosenberg 1999 and Pritchard et al.2000. Software for the method described 
in these papers is available.  

How many individuals are needed in case-control studies? 
This will depend on the number of SNPs examined and the statistical method / test statistic 
used. See the data analysis page for more about this. 
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Software 
There exist statistical methods to check whether stratification is a problem or not for a 
certain data set, see for example Pritchard & Rosenberg 1999 and Pritchard et al.2000. 
Software for the method described in these papers is available and is shortly described 
below. 

structure 
"The program structure  is a free software package for using multi-locus genotype data to 
investigate population structure. Its uses include inferring the presence of distinct 
populations, assigning individuals to populations, studying hybrid zones, identifying migrants 
and admixed individuals, and estimating population allele frequencies in situations where 
many individuals are migrants or admixed. It can be applied to most of the commonly-used 
genetic markers, including microsatellites, RFLPs and SNPs."  
Software is found here.  

STRAT 
"The program STRAT is a companion program to structure. This is a structured association 
method, for use in association mapping, enabling valid case-control studies even in the 
presence of population structure."  
Software is found here. 
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Selection of target SNPs 
For the time being we do not focus on this, and assume that the user has already defined a 
set of candidate genes/SNPs to be examined. This might for instance be SNPs selected 
within or close to a candidate gene. Botstein & Risch 2003 argues for a sequence-based 
approach where SNPs are chosen from coding regions, disrupt splice sites and from 
promoter regions. These are the SNPs most likely to be of functional significance and to 
influence directly the traits under study. A recent approach is to use haplotype tags for 
identification of SNPs (see Johnson et al. 2001 and Daly et al. 2001), and thereby reducing 
the number of SNPs to be genotyped. 
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DNA pooling 
For the time being we do not focus on this and assume that a design with DNA pooling has 
not been chosen. Nevertheless, some comments concerning DNA pooling are given below.  
•  In a two pool design DNA material from all cases is put together into a pool, i.e. there is 
only one sample for the pooled cases. Similarly, there is only one sample for the pooled 
controls.  
•  In a two pool design we are genotyping two groups of individuals (affected and controls) 
rather than each of the individuals themselves. This reduces the cost of large association 
studies, but results in loss of information and additional experimental errors.  
•  Pools to be compared should be well-balanced, i.e. there should be equal representation 
of sexes, age groups, ethnicities etc. in each of the two pools.  
•  It is also possible to use multiple-pool designs to obtain average allele-frequency 
estimates from several pools and measurements. This will reduce uncertainties of obtained 
allele-frequency estimates.  
•  See Risch & Teng 1998 and Sham et al. 2002 for hypothesis tests to use for case-control 
and family based designs when DNA pooling has been used.  
•  Software for doing the standard hypothesis test for SNPs obtained from both individual 
genotyping and genotyping of pools is available. The additional experimental errors 
introduced by the DNA pooling are taken into account in the model used. A description of 
the model and software is given here. 
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Data analysis 
The input to the statistical analysis is for each SNP  
•  whether there are 0, 1 or 2 occurrences of a certain allele (individual genotyping) or  
•  allele frequencies (for a DNA pool)  
Here we assume that the data sets are chosen such that stratification is not a serious 
problem. There exist statistical methods to check weather stratification is a problem or not 
for a certain data set, see for example Pritchard & Rosenberg 1999. 
The statistical methods are often based on hypothesis testing with alternatives 
•  H0: “the SNP is not associated with disease” and  
•  H1: “the SNP is associated with disease”.  

Tests for case-control designs 
The TDT test for family-based designs and its variants are described for example in 
Spielman et al. 1993, Risch 2000, Lazzeroni & Lange 1998, Spielman & Ewens 1998, 
Schaid & Rowland 1998. Different tests for DNA pooling designs (both family based and 
case-control designs) are found for example in Risch & Teng 1998 and Sham et al. 2002. 
Here we will describe the Pearson's chi-square test for case-control designs without DNA 
pooling. From the 2x2 contingency table  

  Allele 1 Allele 2 Row totals 

Cases    

Controls    

Column totals    
 
the Pearson Chi-square statistic is computed as follows  
 

 
  

 
 

Here ( ) and ( ) are the total number of occurrences of allele 1 and allele 

2, respectively for the cases (controls). ( ) is equal 
to twice the number of cases (controls).  
The significance level is normally set to 5%. When testing only one hypothesis, the null 
hypothesis is rejected if the statistic above is larger than 3.84, i.e. the 95% percentile of the 
chi-square distribution with one degree of freedom. When several SNPs are examined 
simultaneously, several hypothesis are tested simultaneously and multiple testing is an 
important issue (see below).  
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A genetic power calculator is found here and is described in this paper. The calculator might 
be used for estimating how many individuals that are needed to obtain a certain power of the 
test (typically 80%), given a significance level and a lower bound for what should be 
detectable. For case-control designs choose the "Case-control for discrete traits"-entry on 
the before-mentioned web page.  
 
Software for doing the standard hypothesis test described above for SNPs obtained from 
individual genotyping is available here. Tools for analysing genotyping data obtained from 
DNA pools are also included in this software. A description of the model and software is 
given here.  
 
Above we have assumed that the genotype data are reported with no errors. How to deal 
with genotyping errors has been proposed in for example Gordon & Ott 2001, Gordon et 
al. 2002, and also in the paper mentioned in the paragraph above.  

Multiple testing 
Multiple testing is an important issue because complex diseases ask for many SNPs and 
therefore many hypotheses to be tested simultaneously. The simplest and most conservative 
approach for multiple testing correction is the Bonferroni correction. If the significance level 
for the entire set of n comparisons is equal to alpha, the significance level for each 
comparison is set equal to alpha/n. There exist several alternative, less conservative methods 
for correcting for multiple testing. When using such methods, less individuals are needed for 
obtaining the same power and significance level of the test. One such method is based on 
controlling the false discovery rate and is described in Sabatti et al. 2003.  

Other statistical methods 
Statistical methods not based on hypothesis testing have also been proposed. Some 
examples of such methods are given below. Main advantages of these are that there is no 
need for correction for multiple testing and that the SNPs are analysed jointly rather than 
tested one by one.  
•  In Devlin & Roeder 1999 and Devlin et al. 2000 a Bayesian outlier method is described. 
This method also controls for population heterogeneity (stratification). Software is available 
on request.  
•  A set association method is described in Hoh et al. 2001. Software is available here. 
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Appendix B 

PowerPoint presentation  
A literature search for papers describing mean- and large-scale SNP-experiments with 
focus on biomedical research has been performed for finding the “state-of-the art” within this 
area. Papers were searched for mainly in Nature, Nature Review Genetics, Science, 
Current Biology, the American Journal of Human Genetics and the reference lists in the most 
interesting papers. In addition several papers were found from searches in MedLine and 
other Internet resources. A reference list with relevant literature is given in the PowerPoint 
presentation "A survey of experimental designs and statistical analysis of SNP data obtained 
in genetic association studies" presented at a meeting during the project. This appendix 
contains a copy of that PowerPoint presentation. 
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A survey of experimental designs and statistical 
analysis of SNP data obtained in genetic 

association studies

State-of-the-art for medium and large scale SNP 
experiments in biomedical research

Norsk Regnesentral
Norwegian Computing Center

Overview

• Association studies
• Experimental design
• Statistical analysis
• A review paper
• Software
• Literature
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Linkage studies

• Before: Mainly mendelian diseases
– One gene per disease (or trait)
– Often rare diseases
– Linkage analysis often used (not association studies)

• Low false-positive rate
– Most SNPs found to be associated with disease were true 

associations.
– Need near one-to-one correspondence between phenotype and 

genotype
– Review: 1200 genes found using positional cloning

• Naturally occurring mutations are identified on the basis of their 
chromosomal location by

– Taking advantage of the meiotic process of recombination 
as manifest in families segregating for the disease. 

• Markers closest to the disease gene show the strongest 
correlation with disease patterns in families.

Norsk Regnesentral
Norwegian Computing Center

Association studies

• Now: Mainly complex diseases
– Multigenic – several genes involved 

• Not one-to-one correspondence between phenotype and 
genotype

– Environmental factors influence the risk of getting the disease
– Often common diseases 

• Altmuller et al. 2001
– Review: 101 studies , 31 complex diseases
– Compared whole-genome scans using linkage analysis

• Success has been limited
– Association studies should be used for complex diseases

• Two main experimental design strategies for 
association studies
– Case-control designs
– Family-based designs
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Association studies cont.
• Statistical methods often based on hypothesis testing

– H0: SNP is not associated with disease
– H1: SNP is associated with disease
– Type 1 error 

• H0 is rejected even if H0 is true 
– Conclude that some SNPs are associated with disease even if 

they are not
• Significance level of test – typically 5%

– Type 2 error 
• H0 is not rejected even if H0 is false 

– Some SNPs which are associated with disease are not found 
• Power of the test – typically 80%

– How many individuals do we need to genotype to obtain a certain 
significance level and power?

• Dependent of experimental design and statistical model/method used 
– Many SNPs → many hypothesis tested simultaneously

• Multiple testing
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Experimental design 

 
 
 

Norsk Regnesentral
Norwegian Computing Center

Experimental design

• Aim: Minimise the costs compared to how much information we 
are able to extract from the obtained data
– Minimise costs in the DNA-sample collection process
– Choose the set of SNPs such that it is probable that the disease 

SNPs are included in the set
– Minimise the number of samples times the number of SNPs to be 

genotyped
– Control type1 and type 2 errors

• Case-control or family-based design?
• Which SNPs chosen for genotyping?

– Not possible to genotype all SNPs in the whole genome
– Reduce the number of SNPs studied

• DNA-pooling used or not?
– Number of samples to be analysed

• = The number of individuals, if individual genotyping
• = Two (one for the cases, one for the controls) , if DNA-pooling

 

Norsk Regnesentral
Norwegian Computing Center

Case-control design
• Cases with disease, controls (unrelated to cases) without disease
• Cheaper than family-based designs
• Possible to reuse controls in new studies (no new genotyping needed)

– Important that the sampling of controls is random, f. ex. sample randomly 
the Norwegians

• Confounding due to stratification (subpopulations), f.ex. ethnicity
– A positive association between a genetic variant and a complex disease 

phenotype does not establish causality.
• A disease that is prevalent in one subpopulation will be associated with 

any alleles that are in high frequency in that subpopulation
• False-positive results, loss of robustness
• Inconsistency and lack of reproducibility among studies

– Correlated occurrence of a disease phenotype and a genetic polymorphism 
observed because:

• An allele at the locus in question contributes to the disease
• An allele at the locus is in linkage disequilibrium with a true disease–

susceptibility allele at a neighboring locus
• Population admixture (mixing of individuals with different genetic 

backgrounds) produces spurious association ? causal association
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How to solve the stratification problem?

• Use family-based designs
– Controls related to cases

• Use of random or unlinked genetic markers
– Determine the extent of stratification by statistical analysis
– Adjust for population stratification
– Most efficient for large-scale genotyping

• Study multiple case-control populations (different 
ethnic groups)
– Association seen in each population 

• Data from nuclear families may be used to validate 
results from population-based association studies 

• Matched case-control designs
– Controls matched to cases on potential confounding factors 

like age, sex, ethnicity etc. 

 

Norsk Regnesentral
Norwegian Computing Center

Family-based designs

• Parents as controls
– For each SNP 

• Test if an allele is transmitted to an affected offspring more 
or less often than expected by chance

– Problem
• Unavailability for late-onset disease
• Some loss of power

– Solution
• Use sibs instead with even more loss of power

• Unaffected sibs as controls 
– Individuals in the same family are genetically related
– Loss of power compared with a well-designed study involving 

unrelated controls 
– Sampling multiplex families 

• More than a single individual is affected
• More efficient than sampling singletons
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Which SNPs are chosen for genotyping?
• Using candidate genes or genome-wide scans

– “The majority of publications reporting genetic studies of complex diseases investigate candidate 
genes and known metabolic pathways.” (Peltonen et al. 2001)

• Use genome-wide random SNP approach?
– No, many disease-causing genes would be missed

• Map-based or sequence-based approach? Yes, Botstein & Risch 2003
– Argues for a genomic-scale sequence-based approach 

• Focus on SNPs in coding regions, disrupt splice sites and in promoter regions
– most likely to be of functional significance and to influence directly the traits 

under study
– Argues against a map based gene approach

– Use haplotype information

The table is copied from the paper of D. Botstein and N. Risch, 2003  (see slides with literature overview)

Norsk Regnesentral
Norwegian Computing Center

Choosing SNPs in different populations 

• Possible strategy
– Under the assumption

• Common genetic reason for all populations
1. In populations with high linkage disequilibrium

– Initial detection of SNP associations
– Coarse mapping
– Ex.: Caucasian + Asian population

• Two alleles equally associated with disease (+ in complete 
disequilibrium).

2. In populations with lower linkage disequilibrium
– Which SNP is primary?
– Fine mapping
– Ex.:African: 

• The two alleles found above are not in complete 
disequilibrium

• Find primary allele of these two
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DNA-pooling
• Two pool designs

– One sample for cases, one for controls (disease trait)
– One pool for each of the two extremes (quantitative trait)

• Reduce the cost of large association studies, but 
– Result in loss of information 
– For quantitative traits

• Allows examination of between-pool differences, but not within-pool 
differences 

– Additional experimental errors
• Efficiency of a DNA-pooling study = NI / NP

– NP is the number of individuals required to achieve same significance and 
power as a in a study that is based on individual genotyping with NI 
individuals 

– Qualitative traits
• Efficiency =1 in the absence of experimental error. 
• Four replicate measures are recommended for sufficient  reduction in 

this error
– Qualitative traits

• Efficiency << 1

Norsk Regnesentral
Norwegian Computing Center

DNA-pooling cont.

• Pools to be compared should be well-balanced
– Equal representation of sexes, age groups, ethnicities etc.
– If risk factors for getting the disease, use four pools

• Two pools for cases
– One with high level exposure to risk factor, one with low
– Similarly for controls

• Also possible to use multiple-pool designs to obtain average 
allele-frequency estimate from several pools and measurements
– Reduce uncertainty of obtained allele-frequency estimate

• Two stage design most effective?
– Find markers that show positive association in a pooling study 

• Cost saving
• OK with some stratification and type1 error here

– Follow up these markers by confirmatory individual genotyping
• Full information = best accuracy
• Avoid stratification and type1 error here
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Statistical analysis 
 
 
 
 

Norsk Regnesentral
Norwegian Computing Center

Statistical analysis

• The input to the statistical analysis is for each SNP
– Whether there are 0,1 or 2 occurrences of a certain allele 

(individual genotyping) or
– Allele frequencies (for a DNA-pool)

• The aim of the statistical analysis is to find which of the 
examined SNPs that are associated with disease 
– In linkage disequilibrium or causal

• How to analyse such data? Hypothesis testing often used
– The TDT test for family-based designs
– Tests for case-control designs
– Tests for DNA-pooling designs
– A Bayesian outlier method 
– A set association method
– Haplotype pattern mining 

• Toivonen et al. 2000
• Finding disease-associated haplotypes

Norsk Regnesentral
Norwegian Computing Center

The transmission disequilibrium test - TDT

• Spielman et al. 1993
– Also described in 

• Risch 2000
• Lazzeroni & Lange 1998
• Spielman & Ewens 1998
• Schaid & Rowland 1998
• .......

• Family-based design 
– Parents as controls

• Avoid problem with stratification
• Testing

– A SNP allele is transmitted to an affected offspring more or 
less often than expected by chance
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TDT cont.

• Information used only from heterozygous parents
– An allele transmitted by a parent to an effected child is 

matched to the other allele not transmitted from the same 
parent. 

• For a biallelic locus, count the number of times allele 
1 and 2 are transmitted to affected child. 
– : Number of times allele i is transmitted to affected child 

from a parent with one i and one j allele
– : Probability that allele i is transmitted to affected child 

from a parent with one i and one j allele
– H0:                      , H1: 
– Let                and 
– The test statistic                                       follows an 

approximate chi-square distribution with one degree of 
freedom

ijin →/

ijip →/

22/112/1 →→ = pp 22/112/1 →→ ≠ pp
12/11 →= nt 22/12 →= nt

)/()( 21
2

21 ttttTMacNemar +−=

Norsk Regnesentral
Norwegian Computing Center

Several variants/extensions of the TDT
• Lazzeroni & Lange 1998

– Permutation extensions of the TDT to
• Multiple alleles, multiple loci, unaffected siblings, genotypic rather than 

allelic associations
• Correction for multiple tests more powerful than the standard Bonferroni

correction
– Monte Carlo approximation of p-values 
– Simultaneous TDT tests are conducted on haplotype data

• Spielman & Ewens 1998
– Sib-TDT (S-TDT): statistic for unaffected sibs instead of parents
– Statistic for combining S-TDT and TDT

• Obtain “null” distribution by permuting the data (bootstrapping) for finding 
whether allele frequencies differ significantly

• Software available
• Schaid & Rowland 1998

– Parents, sibs, unrelated as controls
– Extension of Spielman & Ewens 1998

• Teng and Risch 1999
– TDT for sibs
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A test for stratification in case-control designs
• Pritchard & Rosenberg 1999
• Detect population stratification by use of unlinked marker loci

– In genome-wide scans: 
• Use the genotyped markers themselves as the unlinked marker loci
• The power to detect stratification will become very high

• H0: The allele frequencies at each of the marker loci are the same in 
the case and control groups. 

• For one locus: Statistic to test for stratification,            , is chi-
square distributed
– ,     and     are the number of affected and healthy
– and     are the frequencies of the allele among affected and healthy
– and      are the number of A alleles and non-A alleles

• Test statistic for a set of unlinked marker loci 
– Assume that the markers are chosen at random, so that it is improbable 

that any are tightly linked to disease loci
– The sum of the statistics computed at each marker locus, is chi-square 

distributed with degrees of freedom equal to the sum of the degrees of 
freedom for the individual loci.
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A test for case-control designs Pritchard et al.2000

1. Infer details of population structure and assign 
individuals to subpopulations
– Pritchard, Stephens & Donnelly 2000
– Model-based clustering method (Bayesian approach)
– Parameters found by MCMC method

• The number of subpopulations, K
• Allele frequency for each subpopulation
• Each individuals proportions from each subpopulation 

– (q1,…,qK) 

2. Use this information to test for associations within 
subpopulations
– The test is comparable with TDT
– H0: no association between allele frequencies at the 

candidate locus and phenotype within subpopulations

• Software is available
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Tests for DNA-pooling Sham et al 2002

• Test statistic for allelic association                          where the    s 
are estimated sample frequencies for affected and controls, and the Vs are the 
corresponding variances.

•
– τ is the coefficient of variation (   ) of the number of DNA molecules of locus A 

that is contributed by each individual
– ε2 is the variance of the pool measurement error 

• Use of multiple pools
– Reduce uncertainty of obtained allele-frequency estimate
– Between individual genotyping and DNA-pooling

• k  - Number of distinct pools
• n  - Number of individuals in a pool
• r  - Number of times a pool of the same individuals is independently constituted
• m  - Number of independent allele-frequency measurements made for each pool
• n*k – Number of individuals
• k*r*m  - Number of measurements 

– Variance for average allele-frequency estimate                              
• V ? p(1-p)/2nk + p(1-p)τ2/2nkr + ε2/2krm
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Tests for DNA-pooling Risch & Teng 1998

• The relative power of family-based and case-control designs
• Power of different genetic models for different designs are 

compared 
– Calculated sample size needed to obtain a power of 80% and 

significance level 5E-8 
• A false positive rate of 5% after 106 independent tests (i.e.106 

SNPs genotyped)
• Examples of results / conclusions

– Family based controls compared to unrelated 
• A loss of efficiency of two- to sixfold using unaffected sibs or two-

to threefold using parents
– Sibships with multiple affected sibs: most powerful when disease 

allele frequency low
– Also other conclusions / guidance concerning design 
– …….
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Tests for DNA-pooling Risch & Teng 1998 cont.
• Test statistics of the form where     is an estimate of the 

variance of 
– TDT:     = the proportion of heterozygous parents in the 

sample/(8*number of families)
• Parents require individual genotyping to derive the TDT statistic, 

i.e. can not use DNA-pooling using this statistic.
– HHRR, THT:    =                    , where n is the number of families.

• More powerful than TDT when random mating is assumed
• Less powerful when population stratification exist 
• Substantially less powerful with very large stratification

• γ - the genotype risk ratio associated with heterozygosity or 
homozygosity for a disease susceptibility allele. 
– Linkage analysis: successful for γ≥4 not for γ≤2. 
– Linkage disequilibrium analysis: Also successful for γ≤2.

• Risch & Merikangas 1996: Test for 106 polymorphic alleles, 
significance level 5E-8

– γ≤1.5 detected with realistically sized samples (<1000 
families) 
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A Bayesian outlier method Devlin et al.

• Devlin & Roeder 1999 (Biometrics)
– Can be used with case-control data

• Controls for population heterogeneity (subpopulations)
• “In a well designed case-control study, subjects are drawn from the 

same ethnic group or additional heterogeneity is modeled explicitly.”
– Not important that cases are strictly independent
– A Bayesian outlier method / Bayesian probability model

1. Detecting population level association between a marker and disease
2. Find SNPs which are associated with disease

• No need for Bonferroni correction for multiple tests
– Software available from authors on request

• Devlin et al. 2000 (Biostatistics)
– A more powerful approach that incorporates the spatial configuration by 

using haplotypes
• ”Detect excess-haplotype sharing” (Mixture models, score test)
• “The dependence, measured as haplotype-sharing, will be greater in 

the vicinity of disease genes than in other regions of the genome”
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A set association method
• Hoh et al. 2001

– Software available (Sumstat)
• Analyze markers jointly rather than testing each marker in isolation

– Marker-by-marker approach completely ignores the multigenic nature of 
complex traits and does not take into account possible interactions between 
susceptibility genes.

– Jorde 2000 
• “The incorporation of information from multiple loci can enhance the 

power and accuracy of LD mapping”
• Several Multilocus disequilibrium methods described

– Schaid & Rowland 1998
• “Simulation result indicates that testing all alleles simultaneously is most 

powerful”
– Risch 2000 

• “Many different genes, each with allelic variations, contributed to the total 
observed variability in a trait:

– Application of the central limit theorem from statistics implicates a 
continuous normal distribution in the population for such a trait”

• Stratification not taken into account. 
– Methods described by others could be incorporated into the set association 

method 
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A set association method cont.

• A statistic for each 
marker is suitably 
chosen 

• Application
– 779 heart disease 

patients (342 
cases showed 
restenosis, rest 
controls)

– 89 SNPs in 62 
candidate genes

• Ott&Hoh 2003
– Apply the method 

on microarray
data to find a set 
of differentially 
expressed genes The figure is copied from the paper of J. Ott, A. Wille and J. Hoh, 2001 

(see slides with literature overview)
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Review by Hirschhorn et al 2002
• Review of genetic association studies and complex diseases (many

references to previous studies)
– Ignored reports on gene-gene and gene-environment interactions
– 600 positive associations between common gene variants and disease
– 268 genes, 133 common diseases or dichotomous traits. 

• Discuss reasons for irreproducibility 
– Type1 error is an unlikely explanation
– Stratification
– Variable linkage disequilibrium between marker and disease allele in different 

populations
– Population specific gene-gene or gene-environment interactions
– Different sample sizes

• Suggest guidelines for performing and interpreting genetic association 
studies
– Large studies and /or meta-analyses of multiple studies
– Omission of small negative studies will bias the pooled data toward a positive 

result
• Negative results also important

Norsk Regnesentral
Norwegian Computing Center

Review by Hirschhorn et al 2002 cont.

The table  is copied from the paper of 
Hirschhorn et al., 2002 (see slides 
with literature overview)
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Review by Hirschhorn et al 2002 cont.

The table  is copied from the paper of 
Hirschhorn et al., 2002 (see slides 
with literature overview)
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Review by Hirschhorn et al 2002 cont.

The table  is copied from the paper of 
Hirschhorn et al., 2002 (see slides 
with literature overview)
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Review by Hirschhorn et al 2002 cont.

The table  is copied from the paper of 
Hirschhorn et al., 2002 (see slides 
with literature overview)
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Software

• Available 
software 
mentioned in 
Jorde 2000 →

• In addition: 
Available 
software 
mentioned in 
earlier slides

The table  is copied from the paper of L. B. Jorde , 
2000 (see slides with literature overview)
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