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Statistical genetics is a research field that focuses on mathe-
matical models and statistical inference methodologies that
relate genetic variations (ie, naturally occurring human
DNA sequence variations or “polymorphisms’) to particular
traits or diseases (phenotypes) usually from data collected on
large samples of families or individuals. The ultimate goal of
such analysis is the identification of genes and genetic varia-
tions thatinfluence disease susceptibility. Although of extreme
interest and importance, the fact that many genes and environ-
mental factors contribute to neuropsychiatric diseases of
public health importance (eg, schizophrenia, bipolar disorder,
and depression) complicates relevant studies and suggests that
very sophisticated mathematical and statistical modeling may
be required. In addition, large-scale contemporary human
DNA sequencing and related projects, such as the Human Ge-
nome Project and the International HapMap Project, as well
as the development of high-throughput DNA sequencing and
genotyping technologies have provided statistical geneticists
with a great deal of very relevant and appropriate information
and resources. Unfortunately, the use of these resources and
their interpretation are not straightforward when applied to
complex, multifactorial diseases such as schizophrenia. In
this brief and largely nonmathematical review of the field of
statistical genetics, we describe many of the main concepts,
definitions, and issues that motivate contemporary research.
We also provide a discussion of the most pressing contempo-
rary problems that demand further researchif progress is to be
made in the identification of genes and genetic variations that
predispose to complex neuropsychiatric diseases.
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Introduction

Contemporary statistical genetics research primarily fo-
cuses on the development and implementation of data
analysis methodologies that facilitate the identification
of genes and naturally occurring genetic variations (ie,
inherited DNA sequence variations or polymorphisms)
that influence phenotypic expression and disease suscep-
tibility. The fact that there are approximately 10 million
polymorphic sites in the human genome (http://www.
hapmap.org),’ any one or subset of which may contribute
to disease susceptibility, complicates the identification of
variations that are causally related to a particular disease.
In addition, most neuropsychiatric conditions of contem-
porary public health concern, such as schizophrenia and
bipolar disorder, are complex and multifactorial in that
many genes and environmental factors, as well as their
interactions, their expression.? This fact further compli-
cates disease gene identification via statistical genetic
analysis because the influence of any one gene or genetic
variation may be obscured by the influences of other
genes and/or environmental factors.

In the following, we describe some of the basic tenets
and strategies in contemporary statistical genetics. We
do this in a nonmathematical way, focusing on the bio-
logical phenomena exploited by relevant mathematical
and statistical genetics models. In addition, we consider
challenges associated with the use of information and
resources provided by large-scale human genetic ini-
tiatives, such as the Human Genome Project and the
International HapMap project, as well as modern high-
throughput genomic technologies, in statistical genetic
analysis models. The material is organized as follows.
We first consider the impact of genetic variation on
molecular and subclinical physiological phenotypic ex-
pression, population biology, and evolution. This discus-
sion will motivate the descriptions of unique statistical
problems and methods associated with each of these
areas. We then consider the basic problems inherent in
linking genetic variations with phenotypes in the absence
of information about physiological links between those
variations and phenotypes. We then describe the unique
statistical genetic problems and potential solutions that
arise as a result of the appreciation that genetic variations
impact many different biological phenomena each of
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which may be of relevance to a disease. We close with
a brief discussion and a few concluding remarks.

The Basic Biological Influence of Genetic Variation

Inherited DNA sequence variations that ultimately con-
tribute to disease susceptibility can be considered the
most fundamental set of pathologies associated with dis-
ease. However, the relationship between those variations
and the expression of a disease such as schizophrenia is
often extremely complicated from a biochemical and
physiological perspective, a fact which makes the identi-
fication and characterization of those relationships diffi-
cult, except in rare instances, such as Huntington disease
in which a disease is influenced entirely by the presence of
a single mutation.>* The primary reason for this com-
plexity concerns the manner in which genes influence
physiologic (and pathophysiologic) function. Genes and
their products work in combinations and within net-
works, which creates potential for feedback, redundancy,
and the existence of compensatory mechanisms that may
overcome a defect in any one gene (a point that is often
overlooked in schizophrenia genetics research). In addi-
tion, the effect of a DNA sequence variation must man-
ifest itself at many different levels of a complicated
physiologic hierarchy if it is to make its mark on overt
phenotypic expression. If the variation is indeed deleteri-
ous and influences the reproductive capacity of individ-
uals who possess it, it is likely to be selected against, such
that its frequency in the population at large will diminish
and ultimately reach zero over time. Because schizophre-
nia has persisted across cultures and racial and ethnic
groups across time, however, it is possible that schizo-
phrenia vulnerability genes confer some functional
advantages.’

Genetic Variation and the Flow of Biological Information

Figure 1 is meant to capture some aspects of the influence
of DNA sequence variation on physiology and popula-
tion biology and will serve as a mechanism for pointing
out contemporary statistical genetic issues and problems.
Essentially, variation in a gene can influence the level of
the expression of gene or the structure of the encoded
protein product. Because proteins form the “building
blocks” of life, they work in combination to dictate, eg,
the flow of metabolites within and across biochemical
pathways, the generation and regeneration of crucial neu-
ral substrates and tissues,® and other phenomena at the
microphysiologic level. These events in turn dictate activ-
ities at a more macrophysiologic level, which encom-
passes organ function, hemodynamic balance, and neural
network interactions,” which, again, in turn influence
the manifestation of subclinical (eg, “mild” schizotypal
traits®) and overt, clinical phenotypes (eg, disease end-
points defined by the Diagnostic and Statistical Manual
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Fig. 1. Diagrammatic representation of the influence of genetic
variations within the physiologic, population genetic, and
evolutionary hierarchy. Ultimately, genetic variation has effects at
the molecular, physiological, subclinical, clinical, population, and
evolutionary levels that are interdependent. Due to epigenetic
programming, individual behaviors and interactions with the
environment can reshape gene expression. Thus, the relationship of
genetic factors to other phenomena is not unidirectional (ie, the
dotted line labeled “‘epigenetics’). Also, traditional linkage and
association analyses seek to relate phenotypes observed at the
clinical level with genetic variations and avoid having to understand
the connections between those genetic variations and phenotypes
(solid line “traditional linkage and association™).

of Mental Disorders, Fourth Edition (DSM-IV) and ascer-
tained via structured clinical interviews’). Given that
diseases are often highly deleterious, the number of indi-
viduals carrying the causative DNA sequence variations
is dictated in part by the severity of the disease pheno-
types they induce, and this fact bears on the frequency
of those variations among individuals seen in the clinic
and in the population at large. Mediating factors in
the population, such as favorable environments, appro-
priate and early clinical, medical, and psychosocial care,
the promotion of healthy behaviors, etc, can also influ-
ence the frequency of the genetic variations. Ultimately,
if a genetic variation influences a disease, which affects
fecundity, then that variation will be selected against.
The factors that mediate the frequency of variations in
the population clearly influence their presence in the
genomes of individuals born in the future.

Epigenetics and Germ Line Manipulations

We note that figure 1 is drawn as though there are
distinct, unidirectional causal relationships between the



various levels depicted in the hierarchy. This is not nec-
essarily the case, however. For example, recent discoveries
concerning ‘“‘epigenetic”’ phenomena suggest that envi-
ronmental and behavioral manipulations can reshape
gene expression patterns.'®'! In addition, germline
manipulations and therapies (ie, purposely altering DNA
sequence in parents so that they can no longer transmit
a deleterious variation to potential offspring) can clearly
influence the existence of deleterious DNA sequence var-
iations.!? Ultimately, figure 1 should be seen as a simple
organizational guide and starting point for describing
contemporary statistical genetic problems facing re-
searchers interested in understanding the genetic basis of
complex neuropsychiatric diseases such as schizophrenia.

Linkage and Association

There are 2 basically complementary strategies for statis-
tically connecting genes and genetic variations with phe-
notypes, whether disease related or not, that are used
routinely by statistical geneticists. These strategies are
linkage analysis, which involves samples of related indi-
viduals, and association analysis, which can be pursued in
families or unrelated individuals. To describe the princi-
ples behind linkage and association analysis and some of
the phenomena exploited in appropriate statistical ge-
netic models, we refer the reader to figure 2. Figure 2
depicts the alleles (ie, genetic variations) that 2 parents
and 2 offsprings in 6 families possess. The mother’s gen-
otypes are depicted as the upper left parent and the
father’s genotypes are depicted as the upper right parent.
Individuals that are affected by a disease such as schizo-
phrenia are shaded. The individual chromosomes (or
haplotypes) each individual possesses are adjacent to
each other with loci (ie, polymorphic sites) running
from top to bottom, with the maternally derived chromo-
somes on the left and paternally derived chromosomes on
the right. Genotypes at 3 loci are depicted. The top most
locus is assumed to be a microsatellite locus with alleles
123, 125, 127, and 129. The middle locus is a single nu-
cleotide polymorphism (SNP) with alleles A and C. The
bottom locus is also a SNP with alleles A and T. Thus, the
mother in family 1 has maternally derived chromosome
or haplotype 123-A-T and paternally derived chromo-
some or haplotype 125-C-A with genotypes 123/125,
A/C, and T/A at the top, middle, and bottom locus.
For our purpose, it is assumed that the T allele at the bot-
tom locus influences the expression of schizophrenia.

Linkage Analysis

Linkage analysis exploits the fact that individuals af-
fected with a disease within the same family have likely
received chromosomal material from a common ancestor
who possessed a disease-causing DNA sequence varia-
tion. This chromosomal material is likely to be marked
by variations at neighboring loci inherited together with
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the disease-causing variation. Note that different varia-
tions at neighboring loci may track together with the dis-
ease in different families. Thus, in family 1 of figure 2' the
123 allele at the top locus tracks along with the disease,
whereas in family 2 the 127 allele tracks along with the
disease. Thus, linkage analysis exploits “within-family
associations” between a marker allele and a disease.
When evidence is found that variations at a particular
locus appear to be inherited along with a disease pheno-
type, then an inference can be made that the disease-
causing locus is in the vicinity of the genome near the
position in the sequence of the marker locus. Obviously,
the closer the marker locus is to the disease-causing locus,
the more likely variations at the marker locus will be in-
herited together with the disease-causing variant because
recombination is less likely to shuffle the marker locus
variations onto a different chromosome during meiosis.
This fact can be exploited by geneticists and other re-
searchers to estimate the actual location of a disease-
causing variation given patterns of inheritance among
family members of marker locus alleles whose positions on
the genome are known (for a more technical description
of linkage analysis, the reader is referred to the classic
reference for human linkage analysis'?).

Association Analysis

Association analysis essentially exploits the fact that some
loci will have variations that reside on chromosomes har-
boring the disease-causing variation in the population at
large. That is, there are likely to be variations at loci that
are so near the locus harboring the disease-causing varia-
tion that they almost always appear on chromosomes har-
boring the disease-causing variation in the population at
large. Loci that have variations that almost always appear
together are said to be in “linkage disequilibrium.” Such
variations are likely to be observed in affected individuals
in different families. Thus, association analysis proper
exploits “across family associations.” For example, the af-
fected individuals (except one) in figure 2 all have the A
allele at the middle locus because it is in linkage disequi-
librium with the disease-causing T allele at the bottom lo-
cus. Given this fact, association analyses are often pursued
with unrelated individuals, such as those with (ie, cases)
and those without schizophrenia (ie, controls), as one
can simply contrast the frequency of certain variations be-
tween the cases and controls and infer that those showing
the greatest differences are the most likely to either be
causally related to the disease or be in linkage disequilib-
rium with the disease-causing allele. Obviously, in this
light, the best scenario for association analysis is one in
which the disease-causing locus is among those genotyped
on the sample of individuals studied.

The Transmission-Disequilibrium Test

There is a special form of association and linkage analysis
that works with affected individuals and their parents
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Fig. 2. Diagrammatic representation of the genetic variations at 3 loci possessed by 6 hypothetical sibling pairs and their parents. Shaded
individuals manifest a disease phenotype due to the possession of the “T”’ allele at the bottommost locus. For each individual in a family, the
genetic variations are represented at adjacent positions (loci) and should be read from top to bottom. In addition, the 2 alleles that each person
possesses at each locus are positioned next to each other with maternally inherited chromosomes on the left and paternally inherited
chromosomes on the right. Finally, for each 4-person family, the mother’s genotypes are represented as the upper left individual, the father’s
genotypes as the upper right individual, and the 2 offspring are represented as the lower left and right individuals (see text for further

descriptions of this figure).

known as the Transmission-Disequilibrium Test
(TDT)."!° In this test setting, one assesses the frequency
with which a particular allele is transmitted to affected
offspring by heterozygous parents. If there is statistically
significant evidence indicating that a particular allele has
been transmitted more often than one would expect by
chance alone from heterozygous parents (which would
be 50% by Mendel’s laws), then one can infer that the var-
iation must be influencing the disease or is in such close
proximity to the disease-causing locus as to be in very
strong linkage disequilibrium with it. The advantage of
this testing scenario is that one does not need a control
(ie, unaffected) group of individuals because, essentially,
the allele or variant that is undertransmitted by the het-
erozygous parents acts as a “‘control’ allele for the allele
assumed to be influencing disease susceptibility.

Statistical Complications in Linkage and Association
Analysis

There are a number of phenomena that must be consid-
ered in linkage and association analyses which often
require either very strict assumptions or appropriate ac-
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commodation in relevant statistical models. We briefly
describe a number of these with reference to figure 2.

Multifactorial, Polygenic Disease Basis

Most neuropsychiatric diseases, such as schizophrenia,
are complex and multifactorial in that many genes and
environmental factors contribute to their expression.
This obviously complicates statistical analysis because
any one gene may have its effects obscure the effects
of other genes and environmental stimuli (for detailed
reviews of the genetic analysis of schizophrenia and re-
lated diseases, see Gershon and Badner,'® Owen et al,'”
Riley et al,'® Norton," Riley and Kendler®®). Given that
genes work in tandem or in combination through net-
works, hypotheses have been put forward as to the ge-
netic basis of monogenic diseases (ie, those influenced
primarily by perturbations in a single gene) and complex,
multifactorial, and/or polygenic diseases that are influ-
enced by many genes.* Figure 3 provides a simple graph-
ical representation of a network of genes. It is assumed
that the 5 genes on the periphery of the network govern
some biochemical and physiologic process that, when
perturbed, causes disease. In the figure on the left, the
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Fig. 3. A simplistic depiction of the possible origins of simple,
monogenic, overtly Mendelian diseases and complex, polygenic
diseases, considering the fact that genes work in networks. Arrows
connect genes that influence each other and may reflect redundancy,
feedback, or compensatory mechanisms within the network. In the
figure on the left, the gene that plays a more central, ““upstream” role
in the network has been perturbed and its effects “ripple”
throughout the (downstream) genes it mediates and influences. In
this way, the entire system is affected by variation in a single gene. In
the figure on right, the more central gene is not perturbed, and hence,
in order to achieve a deleterious effect given the system governed by
the network, all (or many) the downstream genes that are on the
periphery of the system must be perturbed.

central or “nodal” gene is perturbed and its effect influ-
ences the functioning of the 5 peripheral genes. This sce-
nario is consistent with monogenic disease. In the figure
on the right, the more central gene has not been per-
turbed, so that each (or many) of the genes on the periph-
ery of the network must be perturbed in order for the
biochemical or physiologic process to fail. This scenario
is consistent with polygenic disease.

Incomplete Penetrance

Given that most neuropsychiatric conditions are complex
and polygenic, it is unlikely that every individual carrying
a particular DNA sequence variation will manifest
schizophrenia. That is, perturbations in these genes
may not be sufficient, nor even necessary given heteroge-
neity (see below), to cause the expression of a disease such
as schizophrenia. The term “incomplete penetrance” is
used to describe the phenomena in which the mere pres-
ence of a specific disease allele is not enough to cause the
disease.!® The leftmost offspring in family 4 and the
mother in family 5 both carry the T allele at the dis-
ease-causing (bottom) locus but do not have the disease,
reflecting the incomplete penetrance of the T allele.

Quantitative Traits

Many diseases and traits are not ‘“‘either/or” or binary
conditions but rather show quantitative variation in
the population. In fact, most traits are like this. Consider
schizophrenia, depression, and anxiety: they are usually
measured in degrees reflecting severity. Modeling quan-
titative trait expression requires sophisticated constructs
in statistical genetic models.

Statistical Genetics and Neuropsychiatric Research

Pleiotropy

The network nature of gene activity also provides a mech-
anism for a single gene to influence multiple observable
phenotypes. The phenomena whereby perturbations in
a single gene influence multiple clinical or observable
phenotypes is termed ‘““pleiotropy” and is likely to be
one of the reasons that, eg, schizophrenia and bipolar dis-
order are often seen in the same families and may have
common genetic determinants®'** (for an explicit genetic
analysis of pleiotropy, see Zhang et al*).

Overt Heterogeneity

Many complex diseases may be expressed as a result of
different combinations of genetic variations which
work independently of other combinations. Thus, it may
be the case that none or few of a set of schizophrenia-
causing genes are necessary for the expression of the
disease phenotype. The father in family 3 of figure 1 man-
ifests the disease but does not carry the T allele at the
disease locus, possibly due to heterogeneity (ie, he has
the disease because he carries a different disease-causing
variation than the T allele at the bottom locus). Locus
heterogeneity arises when different genes influence a dis-
ease independently. Allelic heterogeneity arises when dif-
ferent variations within the same gene influence disease
susceptibility.

Phenocopies

Individuals who have been diagnosed with a disease but
do not carry a known disease-causing genetic variation
may reflect the imprecision of the diagnostic instrument
used (eg, the DSM-IV) and thereby complicate genetic
analyses. Such individuals are termed “phenocopies.”
Differentiating phenocopies due to the use of a less
than precise diagnostic or phenotyping instrument from
individuals who manifest a disease without a particular
genetic variation due to heterogeneity is problematic.
The father in family 3 of figure 2 may be a phenocopy
because he has been diagnosed with the disease but
does not carry the T allele at the disease-causing locus.

Bilineality

When both parents in a family possess a disease-causing
variation that can be (or has been) transmitted to their
offspring, then the family is termed ““bilineal” (eg, family
6 of figure 2). Bilineality can cause problems for statistical
genetic analyses because one can not easily trace the in-
heritance of potential disease variations through a single
line of descent.?* Therefore, eg, the ascertainment scheme
used by the Consortium on the Genetics of Schizophrenia
excludes families with evidence of bilineal transmission of
schizophrenia.’
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Stratification

One of the most vexing problems in the analysis of case-
control-based genetic association studies concerns situa-
tions in which the cases are sampled (knowingly or un-
knowingly) from one population (eg, Australia) and
controls are sampled from another (eg, Japan). Because
the 2 populations are likely to have very different origins
and gene pools, one might observe many different genetic
variations providing evidence for association with the
disease-bearing individuals (ie, greater frequency in
cases), not because of a causal relationship between those
variations and the disease but rather because those var-
iations are simply more frequent in the population from
which the cases were sampled.*** Although it will rarely
be the case that sampling of cases and controls is pursued
(consciously) from populations as different as, eg, Aus-
tralia and Japan, more subtle differences can occur if
there is any population “substructure” within the geo-
graphic locations from which the individuals have been
sampled. The “stratification” problem, as it is known,
can be overcome through the use of TDT analysis or
the use of clever statistical analysis strategies which assess
and control for stratification in an association analy-
sis.?®?7 Ultimately, stratification does not have to occur
as an overt genome-wide allele frequency differences be-
tween cases and controls but can rather be more cryptic in
the sense that many, but not all, cases are sampled from
one population, as are the controls, creating subgroups
among the cases and controls, that could lead to false-
positive (and false negative) results.?®*

Admixture Mapping

A special form of stratification or genetic background
differences can be exploited in combined linkage and as-
sociation analyses. Individuals that are admixed (ie, have
parents, grandparents, etc, who were from different racial
or population subgroups known to differ in allele fre-
quencies at many loci as well as disease rates from the
population his or her other parent, grandparent, etc,
was from). Some of these admixed individuals will have
schizophrenia because they have been transmitted a ge-
netic variation that is more likely to have emanated
from a parent, grandparent, etc, of a particular subgroup.
These individuals can be compared with unaffected indi-
viduals to see which regions of the genome or alleles the
diseased individuals have in common that are more fre-
quent in the population with the higher disease rates. The
idea is that those shared genomic regions and alleles are
likely to reflect the variations that contribute to the high-
er disease rate in the one population and hence are re-
sponsible for the disease in the affected subjects.’**!

Epistasis and Gene x Environment Interactions

Modeling and testing gene x gene and gene x environ-
ment interactions, if such interactions contribute to dis-
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ease susceptibility, can be daunting, given the number of
potential combinations that can be tested. Despite this
fact, recent articles have shown that, in certain instances,
such testing can be quite powerful and informative.>>
It has also been shown that, despite the large number of
tests that would be performed, the analyses of 2 or 3 locus
interactions can result in statistical significant results.*

Parametric vs Nonparametric Tests

Geneticists often make assumptions about the mode of
inheritance of a trait or disease (eg, it is caused by a dom-
inant allele that is fully penetrant) and then incorporate
these assumptions into appropriate statistical models.
This type of analysis assumes some ‘“parametric’’ form
(ie, the values of certain parameters, such as penetrance
and allele frequency, are assumed). Nonparametric statis-
tical genetic analyses do not require as many assump-
tions. For example, the classic affected sibling pair
design in linkage analysis settings merely assesses the de-
gree to which affected siblings (eg, figure 2° families 1, 2,
5, and 6) share alleles in a manner that cannot be attrib-
uted to chance. Nonparametric tests are notoriously "un-
derpowered” (ie, they require huge sample sizes in order
to detect an effect). Parametric analyses, on the other
hand, obviously, assume that one has incorporated the
correct values of certain parameters in the model, which
can be hard to know a priori. The distinction between
parametric and nonparametric models is most pro-
nounced in linkage analysis settings, as opposed to associa-
tion analysis settings, because linkage analysis modeling
of the relationship between allele sharing and phenotypic
similarity is more complex and subtle than association
analysis modeling of the relationship between particular
variations and a phenotypes.

Multiple Comparisons and False-Positive Results

When thereisno a priorireason to believe that variationsin
a particular gene contribute to disease susceptibility,
researchers are forced to sequentially test hundreds to mil-
lions of variations for association or linkage with a trait.
Multiple testing of this sort creates enormous potential
for false positivesif very stringent criteria for declaring sta-
tistical significance are not used. Although many guide-
lines and methods for assessing statistical significance
have been proposed for both linkage and association stud-
ies,*>* more work is needed in this area, especially in the
context of assessing the biological significance of a poten-
tial association. One particularly useful strategy for ac-
commodating multiple comparisons involves the notion
of the “false discovery rate” (FDR).*’*° The FDR is
used to assess the probability that a large number of statis-
tical tests have produced some test statistics or P values
that are not likely to have occurred by chance given the
number of tests performed.



Modeling the Influence of Genetic Variation

Linkage and association analyses have been pursued for
virtually every neuropsychiatric condition of contempo-
rary importance. Historically, most of these analyses
have considered the relationship between DNA sequence
variation and overt, clinical phenotypes such as the diag-
nosis of schizophrenia (see figure 2). However, modern
statistical geneticists, armed with insights provided by
many novel molecular phenotyping technologies and
evolutionary studies, are now considering the pursuit
of linkage and association studies at all levels of the
“physiological hierarchy’ (figure 2), and each of these ac-
tivities presents its own set of statistical analysis chal-
lenges. In the following, we describe some of these
statistical genetic challenges by working through figure
2> starting with DNA sequence variation.

Haplotyping

Modern genotyping technologies typically only provide
which combination of alleles an individual possesses at
a particular locus (ie, their genotype) and not which
alleles at adjacent loci have been transmitted together
on maternally derived and paternally derived inherited
chromosomes. Thus, analysis methods for assigning
“phase” (ie, which alleles were transmitted together on
a parental chromosome) are crucial for many genetic
analysis. Salem et al** provide a comprehensive review
of haplotyping methods and resources. Hennah et al*!
consider haplotype analysis in a large study of schizo-
phrenia. As has been previously discussed, haplotyping
is an important analytical strategy because association
studies using haplotypes are more powerful than

single-locus tests under certain circumstances.****

Phenotype Issues

Mapping Expression Quantitative Trait Loci and Protein
Quantitative Trait Loci

Genetic variation that has some physiologic or phenotypic
effect, such as neurocognitive or neurophysiological dys-
functions,**>* clearly must influence the expression or
structure of the protein encoded by the gene in question.
Thus, the most basic phenotypes are those associated
with, eg, the expression levels of a gene, the amount of pro-
tein produced, the structure of the encoded protein, etc.
Researchers have begun to pursue linkage and association
analyses aimed at the identification of genetic variations
that influence the expression levels of genes (termed “‘ex-
pression quantitative trait loci” [eQTLs]) as well as the
amount of protein produced (termed “protein quantitative
traitloci’” or [pQTLs]). These studies are typically pursued
using microarray technologies that can interrogate the ex-
pression levels of thousands of genes or proteins simulta-
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neously, which creates enormous multiple comparisons
problems, because a researcher may test each of thousands
of genetic variationsforassociation with thousands of gene
expression levels. In addition, much of this research has
been pursued on accessible human tissues, immortalized
cell lines, or model organisms.*’** It is important to
note that, even though one may be able to identify genetic
variations that contribute to the regulatory circuitry or the
network genes and proteins that participate in, eg, the cor-
tico-stimato-pallido-thalamic neural circuit that mediates
prepulse inhibition (PPI) in mammals,>**->° this does not
necessarily suggest how such variation might be of rele-
vanceto human disease susceptibility. Finally, one veryim-
portant concern with the identification of DNA sequence
variations that influence the expression or protein levels
associated with a particular gene has to do with the tissue
from which the expression or protein levels have been
assayed. Obviously, assaying tissues such as brain from
living humans is problematic and prevents appropriate
analysis in all but very special circumstances.

Imaging for Subclinical Phenotyping

Capturing genetically mediated physiological processes
and phenotypes at the micro and macro levels that are
of relevance to schizophrenia and other neuropsychiatric
disease is difficult at best, given the complexities sur-
rounding cognitive processes* and the measurement of
neurophysiological functions*® in the brains of living
individuals. However, recently developed and extended
imaging technologies have the potential to overcome
some of these obstacles and have been applied in genetic
studies of neuropsychiatric diseases. For example,
Ohnishi and colleagues’' recently examined morpholog-
ical features of schizophrenic patients’ brains that could
have a genetic component using magnetic resonance im-
aging (MRI) technologies. Ho and colleagues used a com-
bination of MRI and positron emission tomography or
“PET” technologies to consider brain blood flow differ-
ences between schizophrenia and nonschizophrenic
patients that may have a genetic basis;*> and Raemaekers
et al used functional MRI (ie, fMRI) to investigate the
genetic basis of differences in activation patterns in
schizophrenia and nonschizophrenic subjects’ brains dur-
ing cognitive challenges.® The combination of pheno-
types derived from imaging technologies and genetic
linkage and association studies creates statistical genetic
problems not unlike those discussed in the context of
eQTL mapping. Because tens of thousands of “voxels”
(or activation points) might be assessed on the brain,
any subsets may be defective and show association with
particular genetic variations. These problems are receiving
attention, however, among the statistical genetics com-
munity and will likely receive greater attention as the tech-
nologies are refined (see, eg, http://www.imaginggenetics.
uci.edu/index.htm).
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Neurocognitive Endophenotypes

Subclinical neurocognitive endophenotypes, such as the
PPI of the startle response and working memory, have
been studied in schizophrenia.*>*> Many of these endo-
phenotypes have been shown to be heritable and as such
may be amenable to genetic association and linkage stud-
ies.®%37 One of the biggest issues in the analysis of mul-
tiple endophenotypes in schizophrenia research involves
pleiotropy and the identification of sets of endopheno-
types that appear to be influenced by the same sets of
genetic defects and the identification of sets of endophe-
notypes that may cluster together independently and
thereby provide insight into the clinical and etiologic het-
erogeneity of a disease such as schizophrenia.

Clinical Psychometrics

Psychometric scales have been used for years in neuro-
psychiatric and psychological research. Typically, a ques-
tionnaire containing items of relevance to a diagnosis is
administered to a subject. The questions are then con-
verted to a score or scale which provides information
that could lead to a diagnosis. Because there are many
scales that are used to measure different traits (schizotypy,
psychosis proneness, anxiety, depression, etc) that are
often given to subjects, it makes sense to analyze them
together to look for patterns that may reveal insights
into the genetic basis of a disease or phenotype.>® In ad-
dition, it may make sense to analyze psychometric data in
a way that considers the individual items (or questions)
themselves and not some aggregate score derived from
them.

Systems Biology

Given the fact that genetic variation impacts molecular,
micro- and macrophysiologic phenomena, endopheno-
types, and clinical phenotypes, it is important to consider
how one can identify the various connections and relation-
ships these phenotypes and phenomena have to the genetic
variationsinmediating disease susceptibility. Thistask has
been taken up by practitioners of “systems biology”
approaches to multiparameter biological systems and dis-
ease pathology. For example, geneticists may consider
assessing the aggregate impact of genetic variations in
genes known to be involved in the same biochemical net-
work or pathway on a clinical phenotype or disease using
system biology-like approaches.* This analysis approach
can also be used to make sense of associations involv-
ing different genes and other experimental results via
metaanalyses.®® 62

Gene x Environment Interactions and Population Risk

Identifying genetic variations that are associated or
linked with schizophrenia and other neuropsychiatric
disorders is not the end of statistical genetic analyses.
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Once genes have been identified as associated with a par-
ticular condition, researchers can seek to quantify their
contribution to disease susceptibility in the population
at large as well as their interactions with environmental
factors that mediate disease outcomes. This kind of re-
search is in the realm of clinical and genetic epidemiology
and applied population genetics.>*** Relevant statisti-
cal genetic analyses are complicated and rarely pursued
primarily due to cost reasons. For example, if one really
wanted to estimate the “‘risk” of developing a disease
given that an individual carries a certain genetic varia-
tion, then one would have to study individuals’ pre-
and postdisease manifestation in order to determine
those ““rates” at which carries develop disease from a non-
disease state. Longitudinal studies of this sort are ex-
tremely costly. However, their value and need has been
recognized to the point that position articles in leading
journals have been published justifying their pursuit.®

Evolutionary Analysis

Obvious questions arise as to the origins of disease-
causing genetic variations that are of interest to statistical
geneticists. Although much of this inquiry can go well
beyond studies seeking to relate variations with actual
diseases in order to discover disease-causing variations,
there are aspects of evolutionary analyses that can greatly
facilitate linkage and association studies. For example,
one can consider the evolution or phylogeny of the chro-
mosomes harboring disease-causing variations within the
human species.®> Such analyses can shed light on groups
of haplotypes or chromosomes that should be analyzed
together in, eg, an association analysis setting.®®®’

Conclusions

The research field of statistical genetics in neuropsychi-
atric and other disorders is likely to grow in the next
few decades for a number of reasons. First, as this article
has tried to make clear, there are myriad issues that one
must consider when evaluating the evidence that a partic-
ular genetic variation influences the expression of a par-
ticular phenotype. Given that most neuropsychiatric
diseases are complex and multifactorial, these issues
are pronounced, suggesting the need for more powerful
and appropriate statistical genetic analysis models and
tools. Second, the mere derivation of a statistical genetic
analysis model is not sufficient to answer many key ques-
tions because relevant data must be painstakingly
collected in order for the analysis model to be imple-
mented and used.” Thus, efficient study designs for col-
lecting relevant data are needed. This review did not focus
on study design, but rather on the mechanics behind sta-
tistical genetic analysis, even though robust study designs
are absolutely crucial for reducing costs and permitting
valid inferences to be drawn for relevant data. Third,



genomic resources that statistical geneticists can take ad-
vantage of are increasing exponentially. This includes
publicly available databases harboring information on
genetic variations (such as the International HapMap da-
tabase; http://www.hapmap.org) and more -efficient
DNA sequencing and genotyping technologies, molecu-
lar genetic technologies, such as DNA microarrays, and
phenotyping instruments. In this light, it is fair to say that
genetics researchers’ ability to generate and collate data is
much further ahead than the ability to analyze and draw
compelling inferences from those data, as we enter a new
era of utilizing endophenotypes and other new informa-
tion in order to understand the genetic basis of schizo-
phrenia and other complex neuropsychiatric disorders.
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