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How Is a Statistical Link
Established Between
a Human Outcome and
a Genetic Variant?

Guang Guo
University of North Carolina at Chapel Hill

Daniel E. Adkins
University of North Carolina at Chapel Hill

The objective of this article is to provide a nontechnical and intuitive

introduction to the basic concepts and techniques that are used to establish

statistical connections between genetic variants and human phenotypes.

Depressive symptoms and delinquent behaviors that are of interest to sociol-

ogists are a subset of such human phenotypes. This article focuses on basic

linkage analysis and association studies, the essential ideas behind the meth-

ods, and a very limited amount of molecular genetics needed for under-

standing the ideas. The article is written with those social scientists in mind

who are interested in the topic but not yet ready to engage the vast and

rapidly developing primary literature (journal articles).

Keywords: society and genetics; behavior genetics; association studies;

linkage analysis

The objective of this article is to provide a nontechnical and intuitive

introduction to the basic concepts and techniques that are used to

establish statistical connections between genetic variants and human out-

comes. Depressive symptoms and delinquent behaviors that are of interest

to sociologists are examples of such human outcomes. This article does

not address the enormously difficult and complicated issues of the bio-

chemical processes through which variations in the deoxyribonucleic acid

(DNA) sequence are translated into phenotypic variations. The article
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is written with those social scientists in mind who are interested in the

topic but not yet ready to engage the vast and rapidly developing primary

literature.

The extant secondary literature consists of a large number of review

articles, Web pages, and textbooks on molecular genetics, human genetics,

linkage analysis, and association studies—the topics our article is devoted

to. The wealth of information, however, may sometimes appear over-

whelming to those who merely want a limited exposure in an efficient

way. Our article focuses on the basic linkage analysis and association stu-

dies, the essential ideas behind the methods, and a very limited amount of

molecular genetics needed for understanding the ideas. The introduction is

inevitably incomplete and at times imprecise, but it is hoped that we will

be able to provide a short piece of reading that maximizes the gain for the

readers we have in mind.

Detecting the relationships between alleles and phenotypes has a great

deal to do with the complexity of the phenotypes. Human phenotypes can

be classified into one of two broad categories—Mendelian (or monogenic)

and complex (or polygenic). In the Mendelian case, a single gene or allele

may unequivocally determine the expression of a disease or phenotype.

These phenotypes are likely to show clear patterns of inheritance in

families and thus make gene-mapping efforts relatively straightforward;

for example, see mapping studies on cystic fibrosis (Collins and Morton

1998) and neurofibromatosis (Barker et al. 1987). The spectacular

advances in molecular genetics during the past two or three decades are

largely confined to Mendelian cases.

Mendelian phenotypes, however, are rare (Lifton and Jeunemaitre 1993).

The vast majority of phenotypes, such as cancer, blood pressure level,

height, depression, and delinquency are subject to the influences of multiple

genes, multiple environmental factors, and interactions among the two

(Lander and Schork 1994). Genetic effects on complex traits are much

weaker than those on Mendelian traits. Establishing a statistical link to a

complex trait is much more difficult than establishing such a link to a

Mendelian trait. Unraveling the genetic and environmental origins of these

complex traits is now the focus of much molecular genetics research.

Genetic mapping of complex human outcomes is thorny. Even with

experimental organisms (e.g., drosophila), it has been difficult to establish

the links with the genes that are responsible for simple and highly herita-

ble traits (Mackay 1996; Weiss and Terwilliger 2000) in spite of the many

advantages that animal experiments have over human observational
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studies: Inbred experimental organisms allow for much better control of

both genetic and environmental factors.

Interestingly, given adequate training, quantitative social scientists

may find a gene–environment analysis of complex human phenotypes

rather similar, at one level, to what they spend their lifetime doing: deci-

phering how a large number of factors jointly shape a human outcome.

Basic Genetics

Human Genome

All organisms, including humans, have a genome containing all of the

blueprints for the development and growth of an organism. The blueprints

contained in a genome are coded in its DNA and are divided into discrete

units called genes. Genes specify life primarily through directing the pro-

duction of proteins. One of the most amazing things about life is that

DNA from all organisms (e.g., humans, mice, worms, or trees) is made up

of the same chemical and physical components. The total number of genes

in the human genome is estimated at some 30,000, which is much lower

than previous estimates of 80,000 to 140,000 and only one third greater

than that of the simple roundworm C. elegans, which has about 20,000

genes (Claverie 2001).

Within virtually every human cell, there is a membrane-bound center or

nucleus that contains the vast majority of our genetic information encoded

on long molecules of DNA. DNA is composed of two linked strands. Each

strand consists of two basic parts—(1) the four chemical bases that compose

the genetic code: adenine and guanine, which are known as purines, and

cytosine and thymine, which are known as pyrimidines, and (2) the sugar-

phosphate ‘‘backbone’’ that structures the DNA molecule and attaches

successive bases. The two strands are connected to each other by chemical

pairing of each base on one strand to a specific partner on the other strand.

Adenine (A) pairs with thymine (T), and guanine (G) pairs with cytosine

(C). Thus, A · T and G · C base pairs are said to be complementary.

The structure of DNA (known as a double helix) resembles a slightly

twisted ladder in which the two long sidepieces are sugar-phosphate back-

bones and the rungs are complementary base pairs (Figure 1). The com-

plementary base pairing makes DNA an appropriate molecule for carrying

genetic information: One strand of DNA can act as a template for the

synthesis of a complementary strand. Thus, the DNA sequence is readily

duplicated and perpetuated across generations of cells.
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In most cells, DNA is packaged into structures known as chromosomes,

located within the cell nucleus. In the form of chromosomes, DNA is ela-

borately coiled around proteins, such that the DNA molecule may be com-

pacted to about 1/10,000 of its stretched-out length (Figure 2). The human

genome consists of 23 chromosomes. Most human cells are diploid, mean-

ing that they possess two copies of each of their 23 chromosomes, one set

from each parent. Notable exceptions to this include gametes (sperm and

egg), which have only a single set of chromosomes and are thus known as

haploid. Among these chromosomes, 22 pairs are non–sex chromosomes,

known as autosomes, with the remaining pair (i.e., sex chromosomes) spe-

cifying the sex of the individual.

The human genome consists of some 3 billion base pairs such as A, C,

T, and G. These bases form DNA sequence that is arranged in a particular

order along the DNA strand (e.g., ATTCGGCA). The order contains the

exact codes for the blueprints mentioned earlier. Equating one DNA base

to one English letter, the 3 billion bases would fill in 42 copies of Web-

ster’s Third New International Dictionary—a total of 116,000 pages

(Mange and Mange 1999). Genes are segments of DNA in which a dis-

crete, consecutive sequence of these bases encodes the directions for the

synthesis of proteins. Gene sizes vary greatly, with an average of some

3,000 bases ranging from about 100 bases for tRNAtyr to more than 2 mil-

lion bases for the dystrophin gene (Tennyson, Klamut, and Worton 1995).

Genes occupy only about 2 percent of the human genome, with vast non-

coding regions in between. The DNA in the noncoding regions provide

chromosomal structural integrity and regulate protein production.

The coding sections of most vertebrate genes are split into exons, or

expressed DNA sequences, and introns, or intervening sequences. DNA

‘‘instructions’’ produce proteins through two primary steps, transcription

and translation. At Step 1, the instructions encoded by a gene are tran-

scribed onto a smaller piece of genetic material known as messenger ribo-

nucleic acid (mRNA) within the cell nucleus. The mRNA transcript is the

exact complement of the entire gene, including both exon and intron

sequences. After detaching from the DNA, the mRNA is often spliced.

Part of the spicing process involves the removal of introns and the joining

together of adjacent exons (Figure 3). Geneticists are now beginning to

find that introns, once thought to be ‘‘junk’’ DNA, actually have important

functions in regulating DNA activation (Zuckerkandl 2002).

The edited mRNA transcript then migrates out of the nucleus to the loca-

tion of translation or protein production, the ribosome. Here, the mRNA is

translated into protein in units of three consecutive RNA bases, called codons,
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where each codon specifies a particular amino acid (Figure 4). In this way,

ribosomes synthesize proteins one amino acid at a time, with the sequence of

amino acids exactly determined by the sequence of the codons in the mRNA.

Protein products are frequently subject to further modification after transla-

tion, before going on to serve their myriad of functions in maintaining life. It

was formerly thought that each gene is coded for a single protein; however, it

is known now that in some cases a single transcript can be edited in several

ways, each specifying a different protein (Strachan and Read 1999).

About 99.9 percent of nucleotide bases are exactly the same in all indi-

viduals. However, 0.1 percent of 3 billion bases is still a very large num-

ber and leaves a lot of room for genetic differences across individuals.

DNA variations occur at about 3 million bases in a human genome, and

Figure 1

Double Helix Structure of DNA
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these bases are known as single-nucleotide polymorphisms, or SNPs.

These polymorphic sites influence gene expression and serve as markers

for genetic research (Risch and Merikangas 1996).

Sources of Human Genetic Variations

Human genetic diversity is driven by two processes: human reproduc-

tion and mutation. Through human reproduction we mix and recombine

DNA in each generation, thus diversifying the genomes of our progeny.

The genetic process driving this diversification is known as meiosis. Meio-

sis is the type of cell division that gives rise to sperm and egg cells (i.e.,

gametes), whereas mitosis is the normal type of cell division. In meiosis,

DNA is diversified by two mechanisms: independent assortment and

recombination. Independent assortment refers to the process through

which the 23 chromosome pairs from the mother or the father are split

up—with 23 chromosomes, 1 of each pair, going on to form a gamete.

When the pairs separate during meiosis, for each of the 23 homologous

pairs, the choice of which chromosome enters the gamete is independent.

Figure 2

DNA Packaged Into Chromosomes

Source: U.S. National Library of Medicine.
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Thus, due to this independent assortment, each individual (mother or

father) produces 1 of 223, or about 8.4 million, possible different parental

chromosomes. Therefore, no two eggs or sperms produced by one indivi-

dual are likely to be identical.

Besides this independent assortment of chromosome pairs, recombina-

tion or crossovers result in a further round of genetic diversification.

Recombination involves exchanges of chromosome parts between mater-

nal and paternal homologous chromosomes. These homologues are two

copies of a chromosome in a diploid cell; one was inherited from the

father and the other from the mother (Figure 5).

When each pair of chromosomes exchanges DNA during recombina-

tion, the process takes place in segments that are often several thousands

of base pairs long. The particular DNA sequences at two or more

Figure 3

Transcription of RNA From DNA and RNA Splicing
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neighboring loci within the segment are thus spatially linked. The phe-

nomenon of DNA being spatially dependent due to recombination is

known as linkage disequilibrium and is the basis for contemporary mole-

cular genetic analysis, which attempts to link molecular genetic variants

to a human outcome. DNA markers or genetic polymorphisms may be

used to detect the approximate location of a putative gene via the associa-

tion between such markers and the traits of interest. Even when the marker

is not within the gene of interest, the approximate location is suggested

because the marker is spatially linked to the putative gene.

In addition to meiosis, which maintains genetic diversity by reshuffling

existing genomes, mutation creates truly new genetic sequences. A muta-

tion is a permanent change, a structural alteration, in the DNA. The causes

of mutations are referred to as mutagens and include many factors such as

radiation and mutagenic chemicals. Additionally, mutations are some-

times attributed to random chance events.

Figure 4

Translation of mRNA Into Proteins

Note: mRNA=messenger RNA; tRNA= transfer RNA.
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There are two places where mutations can be introduced and carried

into the next generation: in the gametes and the germ line cells that pro-

duce them. Although the vast majority of mutations are deleterious, they

are nonetheless one of the principle vehicles of evolution. The rare occur-

rence of beneficial mutations provides a species with the opportunity to

adapt to new environments in many ways, such as protection from new

pathogens. Thus, as new environments arise, individuals carrying certain

mutations that enable an evolutionary advantage will survive to pass this

mutation on to their offspring.

SNPs and Other Polymorphisms

Most of our DNA sequence is identical to the DNA sequence of others.

However, there are inherited regions of DNA that can vary from one indi-

vidual to another. Variations in DNA sequence among individuals are

termed polymorphisms. Sequences with a high degree of polymorphism

are very useful for DNA analysis that attempts to link human outcomes to

variations in DNA sequence.

For social scientists, a genetic polymorphism may be understood as a

genetic variable, that is, a DNA measure that varies across individuals. More

Figure 5

Chromosomal Crossovers Result in Genetic Recombination
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technically, a genetic polymorphism refers to a locus of DNA sequence in

the genome at which two or more variants exist in natural populations. Sev-

eral classes of genetic polymorphisms have been observed in the human gen-

ome. VNTR, STR, and SNPs are classes of DNA polymorphisms. VNTR,

an acronym for variable number of tandem repeats and also called minisatel-

lite DNA, is a chromosoma1 locus at which a particular repetitive sequence

is present in different numbers in different individuals of a population. STR,

an acronym for short tandem repeats and also called microsatellite DNA, is

similar to VNTR. A VNTR is characterized by repeating units between 10

and 200 bases, whereas STR has repeating units of 2 to 5 bases.

The most important class of polymorphisms is SNPs, which are

naturally occurring variants affecting a single nucleotide. For example,

two sequenced DNA sections from two individuals, CCAATTA and

CCAACTA, contain a difference in a single nucleotide. In this case, the

SNP has two alleles: C and T.

SNPs have a number of important advantages over other types of

genetic polymorphisms in genetic studies of complex human outcomes.

SNPs are the most numerous type of polymorphism in the human genome,

occurring once every several hundred base pairs throughout the genome

(Cargill et al. 1999). SNPs are also found throughout the human genome.

They are found in exons, introns, promoters, and enhancers; they are also

found in segments between genes. Of particular importance is the impact

of a single base pair substitution on a human outcome. An SNP in a coding

region could potentially affect a corresponding protein, an SNP in an

intron could affect splicing, and an SNP in a promoter region may influ-

ence related gene expression (Schork, Fallin, and Lanchbury 2000).

All SNPs originally arise from mutational events. However, by the

time an SNP is measured and analyzed, the mutational event is generally

many generations past. The vast majority of SNPs are rare (International

HapMap Consortium 2005). About 40 to 50 percent of SNPs are expected

to have a minor allele frequency of less than 0.05. Currently, major efforts

are being made in the use of SNPs to identify loci influencing human traits

and diseases.

Linkage Analysis

Two-Point Linkage Analysis

Until fairly recently, linkage analysis was the most commonly used

approach to identify genes responsible for observed traits, particularly
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diseases. Although each particular linkage analysis method consists of a

somewhat different set of technical details, the basic principle is similar.

Genes that are located close to one another on the same chromosome are

more likely to segregate, or to hang together, than genes far away on the

same chromosome or genes on different chromosomes during meiosis or

gamete formation. Thus, if a trait under consideration is found to segre-

gate with, or to be passed on to the next generation together with, a

genetic marker whose position is already known, then it can be inferred

that the putative gene for the trait is located near the genetic marker.

Figures 6 and 7 illustrate the basic idea of linkage analysis intuitively.

Figure 6 describes the observation that alleles that are close together on the

same chromosome are more likely to cosegregate, or remain together, dur-

ing meiosis than alleles that are further away on the same chromosome.

Thus, when a marker allele (A) shows a strong tendency to be coupled with

a disease, we would infer that the locus of a putative allele responsible for

the dominant disease is in relatively close proximity to marker Allele A

(Figure 7).

In Figure 7, Allele A is always coupled with the disease. This would

happen if the locus of A is the very locus of the disease-causing gene

(without considering other complicating factors such as penetrance and

genetic heterogeneity). But this is extremely unlikely. We almost never

know how far our genetic marker is from the putative gene. It would be

lucky enough if the marker is close but at some distance from the locus of

the putative gene for the disease on the same chromosome. Then recombi-

nation would be possible and Allele A would not always be observed in

combination with the disease.

The objective of a linkage analysis is to find out how close the marker is

to the putative gene. This can be accomplished by estimating the recombi-

nation fraction or the proportion of children in which there is a recombinant

event between loci of interest, such as between a marker allele and a disease

allele. This involves classifying the children into recombinants and nonre-

combinants. In Figure 7, all the children in Generation III are nonrecombi-

nants or the product of nonrecombinant gametes from their father.

Nonrecombinants are individuals who receive from a parent a combination

of alleles that has not been affected by one or more crossovers. Figure 8 is

the same as Figure 7 except for the additional two recombinants: the fifth

(BD) and sixth children (CD) in Generation III. These two recombinants are

the result of the formation of new alleles in offspring not present in parents.

Both of these children (BD and CD) are affected; however, in these two

recombinant children, Allele A is not coupled with the disease, presumably
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resulting from the processes of either crossing over or independent assort-

ment. The presence of recombinants indicates that the disease gene is likely

to be far away from the marker allele.

The recombination fraction y is .5 on average when two loci are on differ-

ent chromosomes. Independent segregation ensures that the marker loci and

the disease loci are coinherited 50 percent of the time on average. Alleles of

two loci on opposite ends of the same chromosome behave in a similar man-

ner as alleles on different chromosomes. Recombination fractions for two

unlinked loci are .5, and they are never more than .5 (Strachan and Read

1999:270). The recombination fraction y is less than .5 when two loci are

close together on the same chromosome. The closer two loci are on a chro-

mosome, the less likely a crossover will separate them and the smaller the y.

Figure 6

Proximate Alleles Tend to Cosegregate During Meiosis
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Genetic distance and physical distance between two loci are distinct

concepts although the two are correlated. Genetic distance is defined by

the expected number of crossovers per meiosis. One morgan (M) refers to

the length of DNA on which one crossover per meiosis is expected on

average. Physical distance is measured in terms of DNA base pairs.

The standard two-point linkage analysis uses the classic logarithm of

the odds (LOD) score method developed by Morton (1955) about 50 years

ago. Let y represent the probability of being a recombinant for a gamete

and 1− y represent the probability of being a nonrecombinant. Then the

likelihood function for y is

LðyÞ= ðyÞRð1− yÞN −R
,

where R is the number of recombinants and N is the total number of

gametes including both recombinants and nonrecombinants. In linkage

analysis, the LOD score is defined as the common (base 10) logarithm of

the likelihood ratio of L(y) to L(y= :5):

ZðyÞ= log10 LðyÞ=Lðy= :5Þð Þ:

The LOD score is the difference between log10L(y) and log10L(y= :5),

where y in log10L(y) is set at a value between 0 and .5 such as .1, .2, .3,

.4, and .5 and y in log10L(y= :5) is fixed at .5. The LOD score is thus a

function of y arbitrarily set between 0 and .5. The estimated ŷ is the value

Figure 7

Allele A Cosegregates With a Dominant Disease
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of y that maximizes the LOD score Z(y). Positive LOD scores are consid-

ered evidence for linkage, and negative LOD scores are considered evi-

dence for the absence of linkage. Z(y)= 3 is considered strong evidence

for linkage, indicating that the linkage hypothesis is 1,000 times as likely

as the hypothesis that the two loci are not linked.

Table 1 shows the calculation of the LOD scores based on the hypothe-

tical pedigree in Figure 8. The table includes the LOD scores for eight

families. We assume that the first six of the eight families are exactly the

same and the last two of the eight families are exactly the same. All

meioses are phase known in the first six families: The evidence is avail-

able that the father in Generation II must have inherited A with the dis-

ease. Four of the six meioses in Generation III (Figure 8) in each of the

first six families are nonrecombinants (CD, AB, BD, and AC), and two are

recombinants (BD and CD). The LOD score for each of the six families is

calculated accordingly.

The last two families in Table 1 are also based on the pedigree in

Figure 8 except that we assume that the genotypes for Generation I are

unknown. This would be the case when the two individuals in Generation

I in Figure 8 were deceased and their genotype was unavailable at the time

of the study. Then, the phase for Families 7 and 8 becomes unknown. The

father in Generation II could have inherited either Allele A or D together

with the disease. Thus, either CD, AB, BD, and AC are nonrecombinants

when A is inherited with the disease, or CD, AB, BD, and AC are

Figure 8

Allele A Cosegregates in Some, but Not All, Cases With a Disease
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recombinants when D is inherited with the disease. The two cases are each

weighted by one half in the calculation for the last two families. The total

LOD scores are plotted against the recombination fraction in Figure 9,

which does not indicate any evidence for linkage. An additional two dozen

families similar to the first six would have produced such evidence.

So far, our discussion has dealt with the classical type of linkage analysis

in which markers, one at a time, are tested for linkage to a trait caused by a

single chromosomal location, known as two-point mapping of Mendelian

traits. Currently, most linkage studies of Mendelian traits analyze the link-

age between several markers and the trait of interest simultaneously. This

approach, known as multipoint mapping of Mendelian traits, has several

advantages over two-point mapping including allowing (1) a more definitive

chromosomal ordering of the linked loci and (2) the extraction of increased

information when markers are not fully informative.

Once linkage has been confirmed, the search for the susceptibility gene

within the linked region can begin. In common disorders, the region of

linkage is generally large, which means that the search could involve look-

ing for one gene in a region of 20 to 30 million base pairs, which is likely

to contain 500 to 1,000 genes.

Complications of Classic Linkage Analysis

Linkage analysis has a number of limitations. First, incomplete pene-

trance is a major problem for linkage analysis. The penetrance of a trait for

Table 1

Logarithm of the Odds (LOD) Score Calculation

for Eight Families Based on Figure 8

Recombination Fraction (y)

Family 0.01 0.1 0.2 0.3 0.4

1 −2.211 −0.377 0.021 0.141 0.123

2 −2.211 −0.377 0.021 0.141 0.123

3 −2.211 −0.377 0.021 0.141 0.123

4 −2.211 −0.377 0.021 0.141 0.123

5 −2.211 −0.377 0.021 0.141 0.123

6 −2.211 −0.377 0.021 0.141 0.123

7 −2.512 −0.673 −0.254 −0.087 −0.018

8 −2.512 −0.673 −0.254 −0.087 −0.018

LOD score −18.292 −3.606 −0.385 0.671 0.701
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a given genotype is defined as the probability that a person with the geno-

type manifests the trait. In our numerical example (Figure 8 and Table 1),

the penetrance is assumed to be 1 or 100 percent. Incomplete penetrance

can be viewed as a form of variable expressivity. It may occur for many rea-

sons, both genetic and environmental. Very often the presence and absence

of a trait depends also on an unusual genetic background, a particular life-

style, or just chance. The LOD-score linkage analysis requires specifying

precisely the penetrance of each genotype. If no allowance is made for unaf-

fected people who are nonpenetrant gene carriers, then these individuals

may be incorrectly scored as recombinants. For complex diseases such as

obesity and schizophrenia, the problems are much more intractable. For

complex human outcomes, the penetrance is generally unknown.

Phenocopies are individuals who do not have a high-risk genotype, but

who develop a disorder phenotypically indistinguishable from those phe-

notypes that are caused by the genotype. Breast cancer is an example.

More than 90 percent of breast cancers are sporadic, that is, nonhereditary.

These patients are phenocopies. If these breast cancer patients are

included in the study for identifying BRCA1 or BRCA2, then these indivi-

duals are likely to be wrongly scored as recombinants. The particular solu-

tion to phenocopies in the study on BRCA1 was to calculate the LOD

score only using early-onset breast cancer patients (Hall et al. 1990). In

practice, the difficulties created by phenocopies are similar to those cre-

ated by incomplete penetrance.

Given a sufficient number of meioses, the main obstacle in linkage ana-

lysis of Mendelian traits is nonallelic heterogeneity. Distinct DNA

sequences at the same locus (allelic heterogeneity) or different loci (nonal-

lelic heterogeneity) can be responsible for indistinguishable phenotypes.

In linkage analysis, a marker close to a particular disease locus will

demonstrate linkage in families where the disease is caused by alleles at

that locus. In other families, where the disease is caused by alleles at other

loci, the marker will show no linkage with the disease. Tuberous sclerosis

is a case in point. Because mutations at two loci (TSC1 at 9q34 and TSC2

at 16p13) on Chromosomes 9 and 16 are responsible for the condition, the

mapping took years of coordinated work in spite of the fact that the condi-

tion is clearly dominant and that large families are available for the studies

(O’Callaghan 1999).

Breast cancer is also a relevant example. The two identified genes for

breast cancer, BRCA1 and BRCA2, are located on Chromosomes 13 and

17, respectively. A linkage analysis using breast cancer patients with

BRCA1 and patients with BRCA2 may get significant signals from two loci
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in the genome if the sample is large and if phenocopies are not a problem.

In most cases, signals from neither locus may be large enough and null

results may be reported.

Affected Sibling-Pair Linkage Analysis

In cases where the familial data do not satisfy the assumptions of classi-

cal, parametric linkage analysis, one long-standing nonparametric approach

has been affected sibling (sib)-pair analysis. Because affected sib-pair ana-

lysis is model free, it can be performed without making any assumptions

about the genetics of the disease. Thus, it has been used as one of the main

tools for seeking genes conferring susceptibility to common non-Mendelian

diseases such as diabetes or schizophrenia.

By definition, complex phenotypes are characterized by low penetrance,

genetic heterogeneity, and lack of simple mode of inheritance (dominant or

Figure 9

Plotting the Logarithm of the Odds (LOD) Scores Against

the Recombination Fractions Based on the Calculation in Table 1
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recessive). The sib-pair method first developed in Penrose (1935) has been

used to address these problems. The method relies on the concept that

certain DNA segments between a pair of siblings are identical by descent

(IBD) because the segments are inherited from the same parent. Figure 10

illustrates the distinction between being IBD and being identical by state.

The A in II2 and the A in II3 are IBD since both As are unmistakably

derived from their Father I1. However, III1 and III2 may not share one

allele IBD even though the two siblings apparently share an A allele. It is

unclear whether the A allele in III2 is from I1 or II4.

At a random DNA segment, pairs of full biological siblings are

expected to share zero, one, and two parental alleles or marker alleles IBD

with the probabilities of .25, .50, and .25, respectively. The sib-pair

method uses full sibling pairs where both siblings are affected by a dis-

ease. The basic idea is that these affected siblings should share a higher

proportion of marker allele IBD than by chance if the marker is linked to

the disease locus. This should be true regardless of whether the disease is

dominant or recessive. The sib-pair method has not proved particularly

effective in mapping complex phenotypes. One drawback of the method is

its weak power for complex phenotypes. In an influential article, Risch

and Merikangas (1996) showed that the procedure would require an

impractically large number of affected sibling pairs to locate a disease

locus associated with a relative risk of less than 3.

Association Studies

The majority of contemporary genetic studies that attempt to establish

a statistical link between genetic variants and complex human outcomes

are association studies. Social scientists routinely investigate whether

Factor A is statistically associated with Factor B. The ‘‘association’’ in

association studies literally means a statistical association as social scien-

tists know it. In the simplest case where only one SNP is involved, the

question is whether the categorical SNP variable is statistically correlated

with a continuously or discretely measured human outcome.

Association studies are also referred to as linkage disequilibrium analy-

sis. Linkage disequilibrium is simply association among tightly linked

SNPs. Association studies and linkage studies share the same goal: to find

the loci of the putative genes responsible for a human phenotype via one or

more genetic markers whose loci are known. Both linkage and association
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studies rely on similar principals: DNA in adjacent segments tends to be

coinherited by the next generation.

As we showed earlier, linkage analysis searches for DNA segments

that are inherited together over the past few generations in family pedi-

grees of known ancestry. Naturally, the number of recombination events

available for analysis in the past few generations is limited. A linkage

analysis–identified genomic region is usually quite wide, containing several

hundreds to several thousands.

The standard analysis data for association studies consist of a sample of

independent and unrelated individuals from a human population. Ostensibly,

the data contrast from the pedigrees of linkage analysis. In fact, there is a

great deal of similarity between the two types of data. The unrelated indivi-

duals in an association study may be viewed as coming from a gigantic

pedigree that has accumulated over a large number of generations. Thus, at a

fundamental level, associations studies are a sort of linkage analysis per-

formed on one or more huge pedigrees.

Figure 10

Distinction Between Identical by State and Identical by Descent (IBD)
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Figure 11 illustrates the origin of linkage disequilibrium. In the figure,

the original mutation is indicated in black and the rest of the ancestral chro-

mosome is indicated in grey. The putative allele first appeared in a popula-

tion through mutation or migration. Over generations, the linkage

disequilibrium in the ancestral chromosome tends to decay; that is, the flank-

ing stretches of ancestral haplotypes tend to become shorter and shorter. The

rate of the decay in linkage disequilibrium is a function of generation t and

recombination rate r between markers as described in the equation

D= (1− r)tD0. The contemporary individuals who carry the mutant alleles

(Figure 11) will also carry segments of the ancestral chromosome (grey) that

is adjacent to the mutant alleles. However, the DNA segments tend to be

small. It is generally accepted that the segments do not extend beyond tens

to hundreds of kilobases (kb; thousands of base pairs) as compared with the

much wider segments of DNA (thousands of kb) considered in linkage

analysis.

Association studies are often considered more attractive than linkage

analysis for mapping complex phenotypes in recent years because of

superior statistical power. Association studies are thought particularly pro-

mising for detecting associations between common genetic variants and

common diseases (Cardon and Abecasis 2003; Risch and Merikangas

1996). More recently, whole genomewide association studies have

increasingly become the focus of attention. Genomewide association stu-

dies aim at a near ‘‘thorough’’ survey of all known human genetic var-

iants. Typically, these studies would survey 100,000 to 500,000 SNPs, as

compared with traditional association studies that usually investigate a

few to several dozens of SNPs in a single study. Naturally, given the

recent development of genomewide studies, many issues are still unre-

solved concerning optimal research design and analysis strategies.

Genomewide studies are becoming feasible because of recent advances

in high-throughput genotyping technology and the work by the Interna-

tional HapMap Project (International HapMap Consortium 2003, 2005).

The HapMap Project has cataloged millions of SNPs and haplotypes

across diverse populations (Africans from Nigeria, Chinese and Japanese

from Asia, and European Americans from Utah). The high-density SNP

genotyping across the genome provides information on SNP validation,

frequency, and the correlation structure of alleles in the genome. The

information can be used to identify subsets of highly informative ‘‘tag’’

SNPs. All genotyping data from the HapMap project are freely available

on the Web, and it is hoped that this public resource will increase the

power and efficiency of genetic association studies.
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Sources of False-Positive (Negative)

Findings in Association Studies

Association studies are based on the premise that a large sample of

present-day unrelated individuals are in fact related a number of generations

ago, thus providing sufficient recombination events (hence, more statistical

power than linkage analysis) for analysis. However, many other events could

have happened between the ancestral mutation and the present-day linkage

disequilibrium. The level of linkage disequilibrium at the present day could

be a function of genetic drift, population growth, population structure, migra-

tion, selection, mutation, and gene conversion. There is an enormous concern

about false-positive or -negative findings from association studies in the

genetics community. In this section, we describe two major sources of false-

positive findings.

Figure 11

Origin of Linkage Disequilibrium

g
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Population Stratification

A statistical association between genetic polymorphisms and a human

outcome can be produced by confounding effects, just as a statistical asso-

ciation in a social science study can be produced by omitted confounding

factors. One such confounding factor is population stratification, which is

present when individuals with the outcome and individuals without the out-

come have different genetic backgrounds or have different ancestral popula-

tion origins (Allison and Neale 2001; Cardon and Palmer 2003; Ewens and

Spielman 1995). More specifically, population stratification exists when a

population consists of multiple subgroups, each with a different allele fre-

quency. Within each subgroup, the allele is independent of the outcome, but

when the sample that consists of the multiple subgroups is analyzed without

the knowledge of the subgroups, erroneous associations between the allele

and the outcome may be concluded. The problem becomes more serious for

large-scale association studies (Reich and Goldstein 2001).

A classic hypothetical example involves a false-positive result between a

genetic variant and chopstick usage in San Francisco. Suppose that only

European and Chinese Americans live in San Francisco, and Allele A in a

particular gene among Chinese Americans has a much higher frequency

than among European Americans. Suppose that all the Chinese use chop-

sticks and all Europeans do not. Then an association analysis that is una-

ware of the ethnic grouping in San Francisco would find a false relationship

between Allele A in the gene and chopstick usage (Hamer and Sirota 2000).

When analysis is done within the Chinese or European Americans, the rela-

tionship between the genetic variant and chopstick usage is nonexistent.

The simplest solution is to stratify an analysis by self-reported ethnicity.

Tang et al. (2005) showed a near-perfect correspondence between the four

self-reported ethnic categories (European Americans, African Americans,

East Asians, and Hispanics) and the categories determined by 326 microsa-

tellite markers. However, there may exist ‘‘cryptic’’ or unobserved popula-

tion structures within each self-reported ethnicity (Pritchard, Stephens,

Rosenberg, et al. 2000). In such a case, neither the number of groups nor

the group membership of each individual is observed. When genotyping

data for mother–father–child trios are available, unobserved population

structures can be addressed by the transmission-disequilibrium test (TDT;

Spielman, McGinnis, and Ewens 1993) for binary outcomes or QTDT

(Allison 1997) for quantitative outcomes. A number of techniques have

been developed as a general solution to unobserved population structures,
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including genomic control (Devlin, Bacanu, and Roeder 2004; Devlin and

Roeder 1999), structured association (Pritchard, Stephens, and Donnelly

2000; Pritchard, Stephens, Rosenberg, et al. 2000), and principal compo-

nents analysis (Price et al. 2006). A large number of unlinked genetic mar-

kers in the range of 100 to 300 are required for any of the three general

approaches.

Multiple Testing

Multiple testing is another serious concern in genetic association stu-

dies. An association study investigates whether 1 or more genetic variants

are associated with a human trait or disease. Such a study often involves

tests of a large number of genetic variants, reaching 100,000 to 500,000 in

a genomewide association study and creating a grave problem of multiple

comparisons. As the number of statistical tests carried out increases, the

number of false positives would increase proportionally. If 100 statistical

tests are performed on the data set and the tests are independent, on aver-

age, about five false positives would appear even if the genetic variants

and the trait are completely unrelated.

In the genetic literature, an adjustment is normally required to control for

the increased error rate when multiple tests are conducted. The classic

approach of the Bonferroni procedure overcorrects the problem under the

assumption of independent tests because many of the genetic variants may

not be independent. Several advances have been made in recent years.

Some of the recent focuses (Benjamini et al. 2001; Hochberg 1988; van den

Oord and Sullivan 2003) are on controlling the false discovery rate (FDR,

defined as the percentage of statistical tests deemed significant that are false

positives) rather than the traditional Type I error rate (the probability of

making at least one false-positive inference). By controlling the FDR, we

assure ourselves that on average, only about 5 percent of the total positive

discoveries are false. This preserves greater power to detect true positives

than the more traditional Bonferroni-type procedures. Another approach

uses permutation testing (Edgington 1980; Nichols and Holmes 2002). This

approach takes advantage of the correlation structure between the tests (test-

ing SNPs in linkage disequilibrium will produce correlated tests of signifi-

cance) in the multiple adjustment procedure. The permutation test computes

significance by counting the number of ways the data can be permuted that

produce results more extreme than observed (as in the Fisher exact test).

Much less power is lost in this way of correcting for multiple testing.
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Conclusion

In this article, we aimed to provide a nontechnical and intuitive intro-

duction to a number of statistical strategies that are used to link genetic

variants and human outcomes. Interested readers should consult the pri-

mary literature (journal articles) for a more rigorous, detailed, and up-to-

date treatment of the subjects, especially those who seriously contemplate

performing genetic studies themselves.

It should be pointed out that significant statistical findings alone are

rarely, if ever, considered proof of a link between a genetic variant and a

human complex phenotype. This contrasts with the usual practice in social

sciences. Repeated significant results in social sciences showing a connec-

tion between, for example, parental education and children’s education

attainment are often considered sufficient evidence for such a connection.

The credibility of the evidence is not only from the replicated statistical

results but also from real-life observation. Drawing from personal experi-

ences, most people would probably agree that a higher level of parental

education would lead to a higher level of education in children on average.

Such confirmation from life experiences is not available for interpreting

genetic findings. Genotypes are not visible in everyday life. To develop a

credible story that supports statistical findings, other evidence is needed,

such as those from animal studies and biochemical studies.

Although statistical evidence is rarely sufficient, it is usually necessary.

The human phenotypes that interest social scientists are almost always

complex. These phenotypes are subject to the influences of multiple genes,

multiple environmental factors including social and cultural contexts, and

the interaction between the two classes of influence. Social scientists have

expertise in social and cultural contexts as well as in analyzing compli-

cated human outcomes. This expertise will enable them to make important

contributions required to understand how genetic variants are linked to

some of the complex human outcomes.
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