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3 Phenotypic aggregation within families 

3.a Introduction to familial aggregation? 

3.b Familial aggregation with quantitative traits 

Intra-class (intra-family) correlation coefficient 

3.c Familial aggregation with dichotomous traits 

Relative recurrence risk, IBD and kinship coefficient 

3.d Quantifying genetics versus environment 

Heritability 
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Segregation ratios 
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From easy to complex modes of inheritance 
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One locus, multiple loci 
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1 Basic epidemiology 

Main references: 

• Burton P, Tobin M and Hopper J. Key concepts in genetic epidemiology. The Lancet, 2005 

 

• Clayton D. Introduction to genetics (course slides Bristol 2003) 

• Bonita R, Beaglehole R and Kjellström T. Basic Epidemiology. WHO 2nd edition 

• URL: 

- http://www.dorak.info/ 
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1.a Aims of epidemiology 

• Epidemiology originates from Hippocrates’ observation more than 2000 
years ago that environmental factors influence the occurrence of disease. 

• However, it was not until the nineteenth century that the distribution of 
disease in specific human population groups was measured to any large 
extent. This work marked not only the formal beginnings of epidemiology but 
also some of its most spectacular achievements. 

• Epidemiology in its modern form is a relatively new discipline and uses 
quantitative methods to study diseases in human populations, to inform 
prevention and control efforts.  
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1.b Designs in epidemiology 

• A focus of an epidemiological study is the population defined in geographical 
or other terms 

    (Grimes & Schulz 2002)    
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Summary of most important features by design 

 

(Grimes & Schulz 2002)  
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Summary of major advantages (bold) and disadvantages 

 

(Grimes & Schulz 2002)
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1.c Genetics – a primer 

The structure of chromosomes 

• In the nucleus of each cell, the DNA molecule is packaged into thread-like 

structures called chromosomes. Each chromosome is made up of DNA tightly 

coiled many times around proteins called histones that support its structure. 

• Chromosomes are not visible in the cell’s nucleus—not even under a 

microscope—when the cell is not dividing.  

• However, the DNA that makes up chromosomes becomes more tightly 

packed during cell division and is then visible under a microscope→Most of 

what researchers know about chromosomes was learned by observing 

chromosomes during cell division. 
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Chromosomes and chromatids 

• A chromatid is one among the two identical copies of DNA making up a 
replicated chromosome, which are joined at their centromeres, for the 
process of cell division 
 

 

  

http://en.wikipedia.org/wiki/Chromosome
http://en.wikipedia.org/wiki/Centromere
http://en.wikipedia.org/wiki/Cell_division
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Histones: packaging of DNA in the nucleus 

 

 

• Histones are proteins 

rich in lysine and 

arginine residues and 

thus positively-

charged.  

 

• For this reason they 

bind tightly to the 

negatively-charged 

phosphates in DNA. 

http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/L/Lys_arg.gif
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/L/Lys_arg.gif
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/P/Phosphate.gif
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The structure of chromosomes 

• All chromosomes have a stretch of 

repetitive DNA called the 

centromere. This plays an 

important role in chromosomal 

duplication before cell division. 

• If the centromere is located at the 

extreme end of the chromosome, 

that chromosome is called 

acrocentric.  

• If the centromere is in the middle 

of the chromosome, it is termed 

metacentric 

 

 

(www.genome.gov)
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The structure of chromosomes 

• The short arm of the chromosome 

is usually termed p for petit (small),  

• the long arm, q, for queue (tall).  
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Every cell in the body has “the same” DNA  

 

• One base pair is 0.00000000034 meters 

• DNA sequence in any two people is 99.9% identical  

• The residual 0.1% leads to several million spelling differences; variations 

leading to dramatically higher risks of certain cancers and other diseases  
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Every cell in the body has the same DNA: differential expression 

• The determination of different cell types (cell fates) involves progressive 
restrictions in their developmental potentials. When a cell “chooses” a 
particular fate, it is said to be determined, although it still "looks" just like its 
undetermined neighbors. Determination implies a stable change - the fate of 
determined cells does not change.  

• Differentiation follows determination, as the cell elaborates a cell-specific 
developmental program. Differentiation results in the presence of cell types 
that have clear-cut identities, such as muscle cells, nerve cells, and skin cells.  

•  Differentiation results from differential gene expression 
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DNA mutations 

A source of variation 

• As DNA polymerase copies the DNA 

sequence, some mistakes may 

occur.  

• For example, one DNA base in a 

gene might get substituted for 

another. This is called a mutation 

(specifically a point mutation) or 

variation in the gene.  

• The genetic code has built-in repair 

mechanisms which may work or 

not 

   

(Photo courtesy U.S. Department of Energy 
Human Genome Program) 
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Types of mutations  
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Types of mutations  

 

• Deletion 

• Duplication 

• Inversion 

• Insertion 

• Translocation 

                                   (National Human Genome Research Institute) 
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DNA repair mechanisms 

• In biology, a mutagen (Latin, literally origin of change) is a physical or 

chemical agent that changes the genetic material (usually DNA) of an 

organism and thus increases the frequency of mutations above the natural 

background level.  

• As many mutations cause cancer, 

mutagens are typically also 

carcinogens.  

• Not all mutations are caused by 

mutagens: so-called "spontaneous 

mutations" occur due to errors in 

DNA replication, repair and 

recombination. 

                  
(Roche genetics)  

http://en.wikipedia.org/wiki/Biology
http://en.wikipedia.org/wiki/Latin
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/Organism
http://en.wikipedia.org/wiki/Mutation
http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/Carcinogen
http://en.wikipedia.org/wiki/Mutations
http://en.wikipedia.org/wiki/DNA_replication
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DNA repair mechanisms 

• damage reversal: simplest; enzymatic action restores normal structure 

without breaking backbone  

• damage removal: involves cutting out and replacing a damaged or 

inappropriate base or section of nucleotides  

• damage tolerance: not truly repair but a way of coping with damage so 

that life can go on 
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2 Genetic epidemiology 

Main references: 

• Clayton D. Introduction to genetics (course slides Bristol 2003) 

• Ziegler A. Genetic epidemiology present and future (presentation slides) 

• URL: 

- http://www.dorak.info/ 

- http://www.answers.com/topic/ 

- http://www.arbo-zoo.net/_data/ArboConFlu_StudyDesign.pdf 

 

  

http://www.dorak.info/
http://www.answers.com/topic/
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2.a What is genetic epidemiology? 
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Towards a definition for genetic epidemiology … 

No agreement  

  

(IGES presidential address A Ziegler, Chicago 2013) 
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Towards a definition via X – epidemiology 

 

(Rebbeck TR, Cancer, 1999 !!!) 
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Towards a definition for genetic epidemiology … 

 

• Term firstly used by Morton & Chung (1978) 
 

• Genetic epidemiology examines the role of genetic factors, along with the 
environmental contributors to disease, and at the same time giving equal 
attention to the differential impact of environmental agents, non-familial as 
well as familial, on different genetic backgrounds (Cohen, Am J Epidemiol, 1980) 

 

• Genetic epidemiology is the study of how and why diseases cluster in families 
and ethnic groups (King et al., 1984) 

 

• Genetic epidemiology is a science which deals with the etiology, distribution, 
and control of disease in groups of relatives and with inherited causes of 
disease in populations (Morton & Chung, 1978 --> 1995).  

http://www.amazon.com/exec/obidos/tg/detail/-/380552269X/qid=1101292908/sr=1-1/ref=sr_1_1/104-1935157-9461551?v=glance&s=books
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Important aim of genetic 

epidemiology 

 

 
 
 
to detect the inheritance pattern of a 
particular disease,  
to localize the gene and  
to find a marker associated with 
disease susceptibility 
 
 
(Photo: J. Murken via A Ziegler) 
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Modern genetic epidemiology

• Genetic epidemiology is a science which deals with the etiology, 
distribution, and control of disease in groups of relatives and with inherited 
causes of disease in populations (Morton & Chung, 1978 --> 1995).  

 
Statistical methodology  GWAS (genome-wide association studies)  NGS 
(Next Generation Sequencing)   
GxE (gene by environment) interactions  Family studies   
Risk score development  Predictive markers  
Pharmacogenetics       Microbiome    Epigenetics   
Transcriptomics eQTL analyses 
Metabolomics   Lipidomics  
Ethics  Data ownership  

 
  

http://www.amazon.com/exec/obidos/tg/detail/-/380552269X/qid=1101292908/sr=1-1/ref=sr_1_1/104-1935157-9461551?v=glance&s=books
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Modern genetic epidemiology in practice 

• In contrast to classic epidemiology, the three main complications in modern 
genetic epidemiology are  

- dependencies,  
- use of indirect evidence and  
- complex data sets 

 

• Genetic epidemiology is highly dependent on the direct incorporation of 
family structure and biology. The structure of families and chromosomes 
leads to major dependencies between the data and thus to customized 
models and tests. In many studies only indirect evidence can be used, since 
the disease-related gene, or more precisely the functionally relevant DNA 
variant of a gene, is not directly observable. In addition, the data sets to be 
analyzed can be very complex. 
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Key concepts in genetic epidemiology 
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Relevant questions in genetic epidemiology 

 

(Handbook of Statistical Genetics - John Wiley & Sons; Fig.28-1) 
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Use of genetic terms over time 

 

(adapted from IGES presidential address A Ziegler, Chicago 2013)  

• Familial aggregation (purple) 

• Segregation analysis (azur) 

• Transmission disequilibrium 

(red) 

• Linkage analysis (orange) 

• Association analysis (green) 

• Fine mapping (blue) 
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Positioning compared to public health genomics 

• The field of public health genomics by Khoury (2010) 

 

 

 (IGES presidential address A Ziegler, Chicago 2013) 
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Positioning compared to precision medicine 

 

“a medical model using 

characterization of individual’s 

phenotypes and genotypes (e.g., 

molecular profiling, medical imaging, 

lifestyle data) for tailoring the right 

therapeutic strategy for the right 

person at the right time, and/or to 

determine the predisposition to 

disease and/or to deliver timely and 

targeted prevention.” 

(HORIZON2020 Advisory Group; EU Health 

Ministers – December 2015) 

 

 

 

 

 

 

 

 

 



Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

          
 

  

 

          Epidemiology 

B
as

ic
  

Tr
an

sl
at

io
n

al
  

C
lin

ic
al

  



Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

          
 

Previous: PM & disease diagnosis & disease management 

Here: PM & understanding biological mechanisms of disease 
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Biological challenge: omics data are related 

  

 

                      

“As of 2006 there were 1,062 papers explicitly 

mentioning "data integration" in their abstract 

or title, whereas this number has more than 

doubled in 2013 (2,365).”   

(Gomez-Cabrero et al. 2014) 

 

Chapter 13: Perspectives on Data Integration in 

Human Complex Disease Analysis 

(Van Steen and Malats 2015) 
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BIO3 Route 1: Understanding biological mechanisms via integrated 

networks 

• Genomics, epigenomics and transcriptomics integration with 

penalized regression (Pineda et al. 2015) 

• Integrated gene expression and methylation in glioblastoma with 

LABNet (Gadaleta et al. - submitted) 

• Gene networks via conditional inference forests (Bessonov et al. – 

submitted) 

• Integrated gene expression and genomics with adapted conditional 

inference forests (Bessonov et al. – circulating among co-authors) 

• Epistasis-based network analysis of cis and trans regulatory effects 

in asthma (Bessonov et al. – circulating among co-authors) 

 



Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

          
 

BIO3 Route 2: Gene identification via association (interact.) analyses 

 

  

 

 

 

Diffusion kernel PCA 

to perform omics integrated gene-based sample clustering 

• Component-based 

• Kernel-based 

• Network-based 

                                 

 

 

(Fouladi et al. 2015, 2016+) 



Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

          
 

2.b Designs in genetic epidemiology 

 

(Handbook of Statistical Genetics - John Wiley & Sons; Fig.28-1) 
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Different flows of research in genetic epidemiology require specific designs 

 

In summary, the samples needed for genetic epidemiology studies may be:  

• nuclear families (index case and parents),  

• affected relative pairs (sibs, cousins, any two members of the family), 

• extended pedigrees,  

• twins (monozygotic and dizygotic) or  

• unrelated population samples 
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2.c Study types in genetic epidemiology 

Main methods in genetic epidemiology 

A) Genetic risk studies:  

- What is the contribution of genetics as opposed to environment to the 

trait?  

- Answering this question requires family-based, twin/adoption or migrant 

studies.  
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Migration studies: an unexpected role in genetic epidemiology 

 

(Weeks, Population. 1999)  
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Migration studies 

• As one of the initial steps in the process of genetic epidemiology, one could 
use information on populations who migrate to countries with different 
genetic and environmental backgrounds - as well as rates of the disease of 
interest - than the country they came from. 

• Here, one compares people who migrate from one country to another with 
people in the two countries. 

• If the migrants’ disease frequency does not change –i.e., remains similar to 
that of their original country, not their new country—then the disease might 
have genetic components. 

• If the migrants’ disease frequency does change—i.e., is no longer similar to 
that of their original country, but now is similar to their new country—then 
the disease might have environmental components 
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Contribution of twins to the study of complex traits and diseases 

• Concordance is defined as is the probability that a pair of individuals will both 

have a certain characteristic, given that one of the pair has the characteristic.  

- For example, twins are concordant when both have or both lack a given 

trait

• One can distinguish between pairwise concordance and proband wise 

concordance: 

- Pairwise concordance  is defined as C/(C+D), where C is the number of 

concordant pairs and D is the number of discordant pairs 

- For example, a group of 10 twins have been pre-selected to have one 

affected member (of the pair). During the course of the study four other 

previously non-affected members become affected, giving a pairwise 

concordance of 4/(4+6) or 4/10 or 40%. 
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Contribution of twins to the study of complex traits and diseases 

- Proband wise concordance is the proportion (2C1+C2)/(2C1+C2+D), in 

which C =C1+C2 and C is the number of concordant pairs, C2 is the number 

of concordant pairs in which one and only one member was ascertained 

and D is the number of discordant pairs. 

 

(http://en.wikipedia.org/wiki/File:Twin-concordances.jpg)  

http://upload.wikimedia.org/wikipedia/en/c/cf/Twin-concordances.jpg


Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

          
 

B) Segregation studies: 

-  What does the genetic component look like (oligogenic 'few genes each 

with a moderate effect', polygenic 'many genes each with a small effect', 

etc)?  

- What is the model of transmission of the genetic trait? Segregation 

analysis requires multigeneration family trees preferably with more than 

one affected member. 

 

  



Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

          
 

C) Linkage studies:  

- What is the location of the disease gene(s)? Linkage studies screen the 

whole genome and use parametric or nonparametric methods such as 

allele sharing methods {affected sibling-pairs method} with no 

assumptions on the mode of inheritance, penetrance or disease allele 

frequency (the parameters). The underlying principle of linkage studies 

is the cosegregation of two genes (one of which is the disease locus).  



Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

          
 

Linkage and Association 

 

(Roche Genetics Education)  
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D) Association studies:  

- What is the allele associated with the disease susceptibility? The 

principle is the coexistence of the same marker on the same 

chromosome in affected individuals (due to linkage disequilibrium). 

Association studies may be family-based (TDT) or population-based. 

Alleles or haplotypes may be used. Genome-wide association studies 

(GWAS) are increasing in popularity.  
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Scaling up to “genome-wide” levels … 

 

 

 

  Top: Hirschhorn & Daly, Nat Rev Genet 2005;   Bottom: Witte An Rev Pub Health 2009  
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GWAS most popular “variable”: SNPs (Single Nucleotide Polymorphisms) 
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Genetic testing based on GWA studies 

• Multiple companies marketing direct to consumer genetic ‘test’ kits. 

• Send in spit. 

• Array technology (Illumina / Affymetrix). 

• Many results based on GWAS. 

• Companies: 

- 23andMe  

- deCODEme          

- Navigenics  
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3 Familial aggregation of a phenotype 

Main references: 

• Burton P, Tobin M and Hopper J. Key concepts in genetic epidemiology. The Lancet, 2005 

• Thomas D. Statistical methods in genetic epidemiology. Oxford University Press 2004 

• Laird N and Cuenco KT. Regression methods for assessing familial aggregation of disease. Stats 

in Med 2003 

 

• Clayton D. Introduction to genetics (course slides Bristol 2003) 

• URL: 

- http://www.dorak.info/  
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3.a Introduction to familial aggregation 

Aggregation and segregation studies in human genetics 

• Aggregation and segregation studies are generally the first step when 

studying the genetics of a human trait. 

• Aggregation studies evaluate the evidence for whether there is a genetic 

component to a study. 

• They do this by examining whether there is familial aggregation of the trait. 

• Questions of interest include: 

- Are relatives of diseased individuals more likely to be diseased than the 

general population? 

- Is the clustering of disease in families different from what you would 

expect based on the prevalence in the general population? 
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Definition of familial aggregation 

• Consensus on a precise definition of familial aggregation is lacking 

• The heuristic interpretation is that aggregation exists when cases of disease 

appear in families more often than one would expect if diseased cases were 

spread uniformly and randomly over individuals: “it runs in the family” 

• Actual approaches for detecting aggregation depend on the nature of the 

phenotype, but the common factor in existing approaches is that they are 

taken without any specific genetic model in mind. 

• The basic design of familial aggregation studies typically involves sampling 

families 

• In most places there is no natural sampling frame for families, so individuals 

are selected in some way and then their family members are identified. The 

individual who caused the family to be identified is called the proband. 
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Example 1: does the phenotype run in the family? 
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• Pedigree - A diagram of the genetic relationships and medical history of a 

family using standardized symbols and terminology 

• Founder - Individuals in a pedigree whose parents are not part of the 

pedigree 

• Extended pedigrees 

 

    Dizygotic twins 

      

 

Monozygotic twins 
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Working with phenotypes 

• Define the phenotype accurately. This is not always an easy task !!! 

 

 

 

 

 

 

 

 

Gleason DF. In Urologic Pathology: The Prostate. 1977; 171-198 
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Example: Alzheimer’s disease 

• Studies based on twins have found differences in concordance rates between 

monozygotic and dizygotic twins. In particular, 80% of monozygotic twin 

pairs were concordant whereas only 35% of dizygotic twins were concordant. 

In a separate study, first-degree relatives of individuals (parents, offspring, 

siblings) with Alzheimer's disease were studied. First degree relatives of 

patients had a 3.5 fold increase in risk for developing Alzheimer's disease as 

compared to the general population. This was age-dependent with the risk 

decreasing with age-of-onset. 

 
Reference: Bishop T, Sham P (2000) Analysis of multifactorial disease. Academic Press, San 

Diego 
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3.b Familial aggregation with quantitative traits 

Proband selection 

• For a continuous trait a random series of probands from the general 

population may be enrolled, together with their family members. 

• Examples of such traits include blood pressure and height. Familial 

aggregation can be assessed using a correlation or covariance-based 

measure 
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Techniques 

• The intra-family correlation coefficient (ICC) describes how strongly units in 

the same group resemble each other 

• Available via multilevel modelling analysis of variance, familial correlation 

coefficients with FCOR in the Statistical Analysis for Genetic Epidemiology 

(SAGE) software package 
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Example 

  
(http://en.wikipedia.org/wiki/Intraclass_correlation)   

http://en.wikipedia.org/wiki/File:ICC-example2.svg
http://en.wikipedia.org/wiki/File:ICC-example1.svg
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3.c Familial aggregation with dichotomous traits 

Proband selection 

• In general, the sampling procedure based on proband selection closely 

resembles the case-control sampling design, for which exposure is assessed 

by obtaining data on disease status of relatives, usually first-degree relatives, 

of the probands. This selection procedure is particularly practical when 

disease is relatively rare. 

• In a retrospective type of analysis, the outcome of interest is disease in the 

proband. Disease in the relatives serves to define “exposure”. 

• Recent literature focuses on a prospective type of analysis, in which disease 

status of the relatives is considered the outcome of interest and is 

conditioned on disease status in the proband. 
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Techniques 

• One parameter often used in the genetics literature to indicate the strength 

of a gene effect is the familial risk ratio λR, where 

λR =λ/K , 

K the disease prevalence in the population and λ the probability that an 

individual has disease given that a relative also has the disease. 

• The risk in relatives of type R of diseased probands is termed relative 

recurrence risk λR and is usually expressed versus the population risk as 

above. 

• We can use Fisher's (1918) results to predict the relationship between 

recurrence risk and relationship to affected probands, by considering a trait 

coded Y =0 for healthy and Y =1 for disease.  

Then, 
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Techniques 

• An alternative algebraic expression for the covariance is 

 

with Mean(Y1Y2) the probability that both relatives are affected. From this we 

derive for the familial risk ratio λ, defined before: 

 

• It is intuitively clear (and it can be shown formally) that the covariance 

between Y1 and Y2 depends on the type of relationship (the so-called kinship 

coefficient φ (see later) 

• Estimates of conditional probabilities: regression with logit link function 
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Example 

• For λS = ratio of risk in sibs compared with population risk. 

- cystic fibrosis: the risk in sibs = 0.25 and the risk in the population = 0.0004, 

and therefore λS =500 

- Huntington disease: the risk in sibs = 0.5 and the risk in the population = 

0.0001, and therefore λS =5000 

• Higher value indicates greater proportion of risk in family compared with 

population.  

• Note that relative recurrence risk increases with 

- increasing genetic contribution 

- decreasing population prevalence 
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Kinship coefficients 

• Consider the familial configuration 

 
and suppose that the first sib (3) inherits the a and c allele. 

• Then if 2-IBD refers to the probability that the second sib (4) inherits a and c, 

it is 1/4 = 1/2×1/2 

• If 1-IBD refers to the probability that the second sib inherits a/d or b/c, it is 

1/2=1/4 + 1/4 

• If 0-IBD refers to the probability that the second sib inherits b and d, it is 1/4 
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Kinship coefficients (continued) 

• We denote this by: 

 

• F.i.: z0 = probability that none of the two alleles in the second relative are 

identical by descent (IBD), at the locus of interest, and conditional on the 

genetic make-up of the first relative 

 

• Now, consider an allele at a given locus picked at random, one from each of 

two relatives. Then the kinship coefficient φ is defined as the probability  that 

these two alleles are IBD. 
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Kinship coefficients (continued) 

• Given there is no inbreeding (there are no loops in the pedigree graphical 

representation),  

- Under 2-IBD, prob that two randomly selected alleles are IBD = ½ 

- Under 1-IBD, prob that two randomly selected alleles are IBD = ¼ 

- Under 0-IBD, prob that two randomly selected alleles are IBD = 0 

• So the kinship coefficient is 

 

   which is exactly half the average proportion of alleles shared IBD. 

• The average proportion of alleles shared IBD = (2 ×z2 + 1 ×z1)/2 
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IBD sharing and kinship by relationship 

 

 

  
• Technique : see before SAGE or R package GenABEL (pkin, in contrast 

to gkin) 
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3.e Quantifying genetics versus environment 
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Interpretation and follow-up of familial aggregation analysis results 

• The presence of familial aggregation can be due to many factors, including 

shared family environment: Familial aggregation alone is not sufficient to 

demonstrate a genetic basis for the disease. 

• Methods exist to estimate the proportion of phenotypic variance that is due 

to genetics (linked to concepts of “heritability”) 

• In general, when wishing to decompose trait variance into   

- Genetic variance  

- Shared environmental variance 

- Unique environmental variance 

a twin design can be used.   
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Missing heritability 

• For virtually all diseases we find that the majority of genetic risk is still left 

undiscovered…. 

 
(Maher 2008) 
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4 Segregation analysis 

Main references: 

• Burton P, Tobin M and Hopper J. Key concepts in genetic epidemiology. The Lancet, 2005 

• Thomas D. Statistical methods in genetic epidemiology. Oxford University Press 2004 

 

• Clayton D. Introduction to genetics (course slides Bristol 2003) 

• URL: 

- http://www.dorak.info/ 

 

Additional reading: 

• Ginsburg E and Livshits G. Segregation analysis of quantitative traits, Annals of human biology, 

1999 

  

http://www.dorak.info/
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4.a What is a segregation analysis? 

Introduction 

• Segregation analysis moves beyond aggregation of disease and seeks to 

more precisely identify the factors responsible for familial aggregation.  

• For instance:  

- Is the aggregation due to environmental, cultural or genetic factors? 

- What proportion of the trait is due to genetic factors? 

- What mode of inheritance best represents the genetic factors? 

- Does there appear to be genetic heterogeneity? 
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Definition of segregation analysis 

• Segregation analysis is a statistical technique that attempts to explain the 

causes of family aggregation of disease.   

• It aims to determine the transmission pattern of the trait within families 

(often ascertained via probands as in aggregation studies) and to test this 

pattern against predictions from specific genetic models (see next section)  

• This information is useful in parametric linkage analysis, which assumes a 

defined model of inheritance 

• Technique:  

Segregation analysis entails fitting a variety of models (both genetic and non-

genetic; major genes or multiple genes/polygenes) to the data obtained from 

families and evaluating the results to determine which model best fits the 

data.  
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4.b Genetic models 

From easy to complex modes of inheritance 

• Single major locus: Simple Traits / Diseases 

- Dominant model 

- Recessive model 

- Additive 

- Multiplicative 

• Multifactorial/polygenic: Complex Traits / Diseases 

- Multifactorial (many factors) 

- Polygenic (many genes) 

- General assumption: each of the factors and genes contribute a small 

amount to phenotypic variability 

• Mixed model - single major locus with a polygenic background 
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Penetrances – explained via binary traits (affected or unaffected) 
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  Penetrance parameters 
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Another example: penetrance parameters determine model type 

 

Codominant genetic model: If the risk conferred by the heterozygote 

individuals lies between that of wildtype homozygote and minor allele 

homozygote individuals, but not in the specific relationship of a multiplicative 

or additive model (Lewis, 2002; Minelli, 2005). This model is the most powerful 

one (over additive, recessive or dominant) to detect associations when the 

inheritance model is not known (Lettre, 2007).  

http://bib.oxfordjournals.org/cgi/reprint/3/2/146
http://ije.oxfordjournals.org/content/34/6/1319.full
http://onlinelibrary.wiley.com/doi/10.1002/gepi.20217/abstract
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From easy to complex modes of inheritance 

• Single major locus: Simple Traits / Diseases 

- Dominant model 

- Recessive model 

- Additive 

- Multiplicative 

• Multifactorial/polygenic: Complex Traits / Diseases 

- Multifactorial (many factors) 

- Polygenic (many genes) 

- General assumption: each of the factors and genes contribute a small 

amount to phenotypic variability 

• Mixed model - single major locus with a polygenic background 

Quantitative traits 
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    Technique  

• Regression framework : e.g., logistic regression for binary traits and linear 

regression for quantitative traits. Depending on the coding of the “genetic 

effect” a particular genetic model is implicitly assumed 
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Multiple loci 

• Oligogenic diseases are conditions produced by the combination of two, 

three, or four defective genes. Often a defect in one gene is not enough to 

elicit a full-blown disease; but when it occurs in the presence of other 

moderate defects, a disease becomes clinically manifest. It is the 

expectation of human geneticists that many chronic diseases can be 

explained by the combination of defects in a few (major) genes.  

• A third category of genetic disorder is polygenic disease. According to the 

polygenic hypothesis, many mild defects in genes conspire to produce 

some chronic diseases. To date the full genetic basis of polygenic diseases 

has not been worked out; multiple interacting defects are highly 

complex!!! 

          (http://www.utsouthwestern.edu)  
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• Complex diseases refer to conditions caused by many contributing factors. 

Such a disease is also called a multifactorial disease. 

- Some disorders, such as sickle cell anemia and cystic fibrosis, are caused 

by mutations in a single gene.  

- Common medical problems such as heart disease, diabetes, and obesity 

likely associated with the effects of multiple genes in combination with 

lifestyle and environmental factors, all of them possibly interacting.  

  

http://ghr.nlm.nih.gov/condition=cysticfibrosis
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4.c Genetic heterogeneity 

What’s in a name? 

• Allelic heterogeneity: In some instances different alleles at the same locus 

cause the same disorder, a situation called allelic heterogeneity. A notable 

example is cystic fibrosis, where more than 600 different alleles can cause 

the associated symptoms.  

• Locus heterogeneity: Contrast allelic heterogeneity with a situation where 

mutations in genes at different loci cause the same disease. An example of 

this locus heterogeneity is familial hypercholesterolemia, a single-gene 

disorder that causes very high cholesterol levels and high risk for coronary 

artery disease. Mutations in the APOB and LDLR genes are the most common 

cause of familial hypercholesterolemia, though other genes have been 

implicated. 



Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

 

       
 

Historical overview: GWAs as a tool to “map” diseases  - locus heterogeneity 

  2008 third 
quarter 
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Historical overview: 210 traits – multiple loci (sites, locations) 
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Historical overview: trait categories 
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• Pleiotropy in contrast: Cystic fibrosis is a good of example of pleiotropy, 

where a mutation in a single gene affects multiple systems in this case the 

lungs, pancreas, and sweat glands. 
(http://www.nchpeg.org/nutrition) 

 

• Epistasis (~genetic interactions, GxG interactions): Sometimes the products 

of one gene mask or alter the expression of one or more other genes, a 

phenomenon called epistasis. In humans, a classic example is the mutation 

that causes albinism. The expression of that variant overrides the expression 

of other genes that control pigmentation, including those associated with 

eye and hair color. In more common examples, researchers are finding that 

epistasis plays a role in increasing or decreasing risk for the development of 

a wide array of cancers, Alzheimer disease, and cardiovascular disease. The 

extent of epistatic heterogeneity needs further research.  

http://www.nchpeg.org/nutrition


Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

 

       
 

5 A bird’s eye view on genetic epidemiology 

5.a Selected topics in genetic epidemiology 

 

(slide Doug Brutlag 2010) 
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Population Genetics 
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GWAS with SNPs 

 

Exemplar Manhattan plot 

  



Introduction to Genetic Epidemiology                                                                                                                    Different faces of genetic epidemiology 

 

 

       
 

Family-based GWAS with SNPs 

PBAT screening 

 

(Lange and Laird 2006) 
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Complexities – as of interest via group work 
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GWIS – GxG interactions with SNPs 
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Applications of genetic epidemiology in precision medicine 

A) Risk scoring (prevention) 
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B) Individual-specific networks (diagnosis & disease management) 
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C) Molecular reclassification of disease (disease management) 
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D) Individual characterisation: systems view 
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E) Debate 

    Focus on particular aspects, including: 
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5.b Interesting reads 

TOPIC 1 Methods in genetic epi via DOI: 10.1023/a:1024933620315  

- Focus on population-based studies  

TOPIC 2 Case study Asthma GWA 
via  https://doi.org/10.4168/aair.2019.11.2.170   

- Focus on pros and cons rather than the medically relevant results 

TOPIC 3 Case study Asthma GxE via https://doi.org/10.1016/j.jaci.2012.10.038 

- Focus on state of the art 

TOPIC 4 Case study Asthma GxE via https://doi.org/10.1016/j.jaci.2012.10.038 

- Focus on challenges 

TOPIC 5 Novel developments in genetic epidemiology, start with DOI: 

10.1016/S0140-6736(05)67601-5  

- Focus on precsion medicines, biobanks and apps 

https://doi.org/10.1023/a:1024933620315
https://doi.org/10.4168/aair.2019.11.2.170
https://doi.org/10.1016/j.jaci.2012.10.038
https://doi.org/10.1016/j.jaci.2012.10.038
https://doi.org/10.1016/s0140-6736(05)67601-5
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