REVIEWS

ASCERTAINMENT BIAS
A systematic distortion in

measuring the true frequency of
a phenomenon, such as a trait or

a disease, owing to the way in
which the data are obtained.
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CLASSICAL TWIN STUDIES

AND BEYOND

Dorret Boomsma*, Andreas Busjahn* and Leena Peltonen®

Twin studies have been a valuable source of information about the genetic basis of complex
traits. To maximize the potential of twin studies, large, worldwide registers of data on twins and
their relatives have been established. Here, we provide an overview of the current resources for
twin research. These can be used to obtain insights into the genetic epidemiology of complex
traits and diseases, to study the interaction of genotype with sex, age and lifestyle factors, and to
study the causes of co-morbidity between traits and diseases. Because of their design, these
registers offer unique opportunities for selected sampling for quantitative trait loci linkage and

association studies.

Recent advances in genetics, such as the completion of
the human genome sequence, an increased understand-
ing of sequence variants, the availability of low-cost
genome-wide tools to monitor these variants and the
development of powerful multivariate statistical tools,
have opened new avenues of investigation in human
genetics. There is a danger, however, that the usefulness
of these tools is limited when applied to human com-
plex traits. ascertaINMENT BIAS, problems with phenotypic
assessment, lack of follow-up of the phenotypes over
time and environmental noise that can arise, for exam-
ple, from developmental variation, might all contribute
to making the genes that underlie complex, multifactor-
ial traits and diseases in humans difficult to identify.
During the past decade, considerable effort has been
devoted to whole-genome screens to detect QuanTiTaTive
traiTLoct (QTL) for complex traits and diseases. The
success of linkage studies to map genes of unknown
function, and inkace-bisequiLisrium Studies that are
aimed at establishing the association between a particu-
lar genetic polymorphism and a disease, are considered
by some researchers to have been limited (for example,
see REFS 1,2). But others, such as Korstanje and Paigen?,
find this pessimistic view premature. Instead, they offer
amore optimistic view by summarizing the acceleration
in gene identification from mammalian QTL in the past
ten years — for example, Crohn disease in humans,
blood pressure in rats and diabetes in mice. Although

animal research might provide essential information, it
cannot encompass the complex interplay of genes with
the human environment. For complex human traits,
there is an increasing recognition of the need to under-
stand population genetics and the biometrical proper-
ties of human traits, so that phenotypes can be defined
in a way that maximizes the chances of successful gene
mapping*. In this review, we discuss how twin studies
can help in this endeavour.

We aim to draw the attention of the reader to the
enormous potential for research on the genetics of
complex traits that lies in the established twin registers.
Some of them have existed for decades and have care-
fully collected LonciTubinaL DATA ON behavioural traits,
diseases and environmental risk factors in large sam-
ples of twins and their families. By facilitating compar-
isons between monozygotic (MZ) and dizygotic (DZ)
twins, twin registers represent some of the best
resources for evaluating the importance of genetic
variation in susceptibility to disease. They are also an
excellent resource for studying the significance of the
GENOTYPE x ENVIRONMENT INTERACTION (for example,
lifestyle; see the section on ‘Improvements in analysis’
for further discussion) and of the contribution of spe-
cific polymorphisms to the total genetic variance.
Nevertheless, these facts, and the existence of twin reg-
isters, remain to be appreciated fully by the wider com-
munity of genetic researchers.
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QUANTITATIVE TRAIT LOCUS
(QTL). Genetic locus or
chromosomal region that
contributes to the variability in
complex quantitative traits, as
identified by statistical analysis.
Quantitative traits are typically
affected by several genes and the
environment.

LINKAGE DISEQUILIBRIUM

(LD). The condition in which
the frequency of a particular
haplotype for two loci is
significantly greater than that
expected from the product of the
observed allelic frequencies at
each locus.

LONGITUDINAL STUDY

A sstudy in which repeated
measurements are taken from
the same subjects at different
time points.

GENOTYPE X ENVIRONMENT
INTERACTION

(G x E). The influence of specific
combinations of genetic and
environmental factors on a trait
that goes beyond the additive
action of these factors. It refers to
genes that control sensitivity to
the environment, or the
environment that controls gene
expression.

MULTIVARIATE ANALYSIS

The simultaneous inclusion of
two or more (dependent)
variables in one analysis, for
example, in estimating the
genetic correlation of birth
weight with blood pressure.

COVARIATE

In a multivariate analysis, a
variable with known effects that
is used to test the effect of the
main variables that are
independent of those known
effects. The inclusion of age in
studies of age-dependent traits is
asimple example.

HERITABILITY

The proportion of the total
phenotypic variation in a given
characteristic that can be
attributed to additive genetic
effects. In the broad sense,
heritability involves all additive
and non-additive genetic
variance, whereas in the narrow
sense, it involves only additive
genetic variance.

CONCORDANCE

The occurrence of the same trait
in both members of a pair of
twins. Concordance might occur
for diseases as well as for
behaviours, such as smoking.

Figure 1 | Velvet twins. Oil painting on linen (145 cm x 135 cm)
by Mary Waters (1997/1998). From a private collection,
courtesy of Flatland Off the Record (publishers), Utrecht,

The Netherlands.

To disentangle and to quantify the contributions that
genes, the shared environment, the individual-specific
environment and their interactions make to human com-
plex traits, we need data from relatives who are genetically
related, but who grow up in unrelated environments (the
so-called ‘twin adoption design’), or relatives who grow
up in similar environments but are of differing genetic
relatedness (the so-called ‘twin design’). If the exposure to
environmental risk factors can be assessed, these designs
also make it possible to quantify the effect that the geno-
type x environment interaction has on shaping a particu-
lar trait. Recent advances in statistical modelling allow
simultaneous analysis of many variables in relatives such
as MZ and DZ twins. These advances also make it possi-
ble to carry out new types of analysis — such as the
MULTIVARIATE ANALYSIS Of causes of co-morbidity between
disorders, the analysis of the development of childhood
psychopathology over time, the inclusion of covariates in
linkage analyses, and the estimation of HeriTagiLITY and
linkage that are conditional on the exposure to environ-
mental risk factors. All these improvements in data analy-
sis and the possibilities of new types of analysis have, in
turn, led to the establishment of large registers of twins
that no longer focus on the assessment of a single pheno-
type, but collect a wide range of traits and environmental
factors in twins, as well as in their family members.

Here, we focus on the use of data from twins and
their families in epidemiological and molecular-genetic
studies. We draw attention to a large resource for such
studies and provide an overview of the most important
features of twin registers worldwide. But first, we briefly
introduce the classical twin designs and contrast them
with some of their recent extensions.

Types of twin study design

Twins have always captured our curiosity, researchers
and artists alike (F1G. 1), and there have been proposals to
use them as a ‘natural experiment’ in empirical studies

as early as 415 AD (Rer. 5). Galton’s classic paper on twins,
published in the nineteenth century® is often cited as the
first on the classical twin method, although it is uncer-
tain if Galton knew of the distinction between MZ and
DZ twins"8, The systematic analysis of similarity between
MZ and DZ twins was introduced by Siemens, a derma-
tologist, who formulated the twin rule of pathology: any
heritable disease will be more concoroanT in identical
twins than in non-identical twins, and concordance will
be even lower in non-siblings®. When studying skin
moles, Siemens came up with the clever idea of combin-
ing correlation analysis with twin data: he correlated
mole counts in one twin with mole counts in the other
twin, and compared this correlation in MZ and DZ pairs
of twins. The correlation for mole count in MZ twins,
who share all, or nearly all, of their genetic material was
0.4. In DZ twins, who are genetically 50% identical on
average, the correlation was only 0.2. The results indi-
cated the importance of genetic factors in variation in
mole count — the greater genetic resemblance in MZ
twins is associated with their greater resemblance for the
phenotype under study.

Classical twin studies. As exemplified above, the classical
twin study compares phenotypic resemblances of MZ
and DZ twins. MZ twins derive from a single fertilized
egg and therefore inherit identical genetic material.
Comparing the resemblance of MZ twins for a trait or
disease with the resemblance of DZ twins offers the first
estimate of the extent to which genetic variation deter-
mines phenotypic variation of that trait. If MZ twins
resemble each other more than do DZ twins, then the
heritability (h?2) of the phenotype can be estimated from
twice the difference between MZ and DZ correlations.
For example, typical MZ and DZ correlations for
depression are about 0.4 and 0.2 (Rer. 10), and therefore
heritability is estimated at ~40%. A different pattern of
correlations is usually observed for lifestyle factors, indi-
cating the importance of the shared family environ-
ment. For taking up smoking during adolescence,
typical MZ and DZ correlations are 0.9 and 0.7, respec-
tively (Rer. 12), leading to a heritability estimate of 40%,
but also indicating the importance of a shared environ-
ment. The proportion of the variance thatisdue to a
shared environment is the difference between the total
twin correlation and the part that is explained by heri-
tability. Thatis, r,,, —h?in MZ or r, —h%/2in DZ twins,
where . is the correlation between MZ twinsand r, is
the correlation between DZ twins. For the trait of taking
up smoking, this estimate is ~50% (0.9-0.4 in MZ or
0.7-0.2 in DZ twins). The application of this type of
analysis has led to substantial changes in the way we
think about the determinants of health and disease, and
the causes of individual differences in normal and
abnormal behaviour. During the past decade, a shift has
taken place from strict environmental explanations to a
more balanced view that recognizes the importance of
genes'? — for example, in autism and in attention-
deficit hyperactivity disorder (ADHD) in children®®*,
or in the development of dependence on alcohol and
other drugs'>* (FiG.2).
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Cardiovascular risk factors

Cognitive and personality traits

Lipoprotein(a) (17,
Smoking <no. cig/day>
Alcohol use <yes/no> (1
HDL-cholesterol (44
LDL-cholesterol (44]
Respiration rate (44,
Sports participation (18,
Heart rate
Testosterone (17,
Smoking <yes/no> (18]
L Birth weight (O]
[ Problem behaviour <externalizing> (3
Problem behaviour <internalizing> (
Thrill and adventure seeking (1.
Disinhibition (18,
Neuroticism (18,
Experience seeking (1
Anxiety (1
Depression
Boredom susceptibility (18]
Cognitive failures (17,
Somatic complaints (18|

Religion (1
Intelligence (5,
Intelligence (7,
Intelligence (10,
Intelligence (16)
Intelligence
Intelligence (27,

ANALYSIS OF VARIANCE
(ANOVA). A statistical method
to test the null hypothesis that
the mean values of two or more
groups are equal. The variance
around the means in groups is
compared with the variance of
the group means. In genetic
applications, the variance
between families is compared
with the variance within
families. A significant F-ratio
implies that variance between
families is larger than within
families.

INTRA-CLASS CORRELATION
A statistical measure for the
strength and direction of
resemblance between two
variables (or two family
members). It can vary between
—1and +1. Intra-class
correlation refers to the

correlation in defined subgroups

— for example, in monozygotic
or dizygotic pairs—and can

be derived from ANOVA as
t=(F-1/F+1).
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Figure 2 | Examples of results from classical twin analysis. Percentage of variances explained by genetic factors (purple), by
shared environmental factors (green), by unique environmental influences (beige) and by differences in age (blue). The phenotypes
were assessed in Dutch female and male twins (and in some cases also in their parents and siblings). The number in the brackets
gives the modal age of the sample in years. Phenotypes include cardiovascular risk factors, and personality and cognitive traits. The
heritability for a behavioural as well as cardiovascular risk factor, such as the number of cigarettes smoked per day, is nearly as high
as for lipoprotein(a) levels. For personality traits and indices of psychopathology, heritability is ~50%, with a higher estimate for
internalizing and externalizing problems in young children. Heritability of inteligence is age dependent and increases rapidly between
5 and 18 years of age. There are few differences in heritability between females and males. HDL, high-density lipoprotein; LDL, low-
density lipoprotein. Modified with permission from REF. 23 © (1999) Australian Academic Press.

Improvements in analysis. The quantitative traits that
have been assessed in MZ and DZ twins have tradition-
ally been analysed using anaLvsis oF variance and
INTRA-CLASS CORRELATIONS t0 summarize twin resemblance
(for example, see ReF. 17). This approach, however, can-
not accommodate the effect of gender on variances and
covariances of twins of opposite sexes. sTRUCTURAL
EQUATION MODELLING (SEM), also known as covariance
modelling, is a more general alternative approach, in
which genotypic and environmental effects are mod-
elled as the contribution of unmeasured (latent)
variables to the potentially multivariate phenotypic dif-
ferences between individuals'®. The latent factors repre-
sent the effects of many unidentified influences. For a
genetic factor, these effects are due to a potentially large,
but unknown, number of poLyeenes. The contributions
of the latent variables are estimated as rRecression
COEFFICIENTS iN the Linear Recression Of the observed vari-
ables on the latent variables. Several widely available
software programs, such as LISREL or Mx? allow
the estimation of parameters by using NORMAL THEORY
MAXIMUM LIKELIHOOD and WEIGHTED LEAST SQUARES. A USGfUl
estimator in the Mx program is the raw data likelihood
estimator, which handles data from selected samples
and from studies in which part of the sample might

differences in heritability estimates through the simulta-
neous analysis of data from male and female MZ and
DZ twins. It is possible to test whether the same genes
are expressed in males and females by including DZ
twins of opposite sexes. If the resemblance between
twins of opposite sexes is less than expected on the basis
of the heritability in males and females, then this indi-
cates that different genes might influence the same trait
in the two sexes. Similarly, heritability that is conditional
on environmental exposure can indicate the presence of
a genotype x environment interaction?. This interac-
tion can be detected by including environmental mea-

Evidence for the effect of the genotype x environ-
ment interaction on personality comes from a study in
Dutch adolescent twins, in which it was shown that a
religious upbringing greatly reduces the influence of
genetic factors on oisinHisiTION, a trait that closely resem-
bles ‘novelty seeking’ and that is associated with sub-
stance use and abuse®.
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STRUCTURAL EQUATION
MODELLING

(SEM). Also known as
covariance modelling. A method
that estimates regression
coefficients (‘parameters’)
between latent (unobserved) and
observed variables. These
estimates minimize the
difference between the
covariance structure of the
observed data and that predicted
by the model. Alternative models
(such as family resemblance
being due to shared genes versus
shared environment) can be
compared by how well they fit
the data and by the number of
parameters estimated.

POLYGENES

A group of genes that influence a
complex trait. In contrast to
monogenic traits, most traits and
diseases are influenced by several
genes, only asum of which is
sufficient to cause the effect.

Beyond the classical designs. TABLE 1 summarizes the pos-
sibilities for research that go beyond the classical twin
design. Extending the MZ-DZ design to include the test-
ing of parents, siblings, spouses and offspring of both MZ
and DZ twins, offers the opportunity to assess the pres-
ence of cultural transmission, genotype x environment
covariance, non-random mating, and social interactions
within and between generations?. Simpler versions of the
fuller, extended twin studies — such as a study of young-
adult twins, their middle-aged parents and a second
group of middle-aged twins (that is, twins of the same age
as the parents of the first group of pairs of twins) —
makes it possible to assess the effect of age differences on
heritability and to assess differential gene expression asa
function of age. Using this design, which can be consid-
ered a shortcut for a true longitudinal study, Snieder
et al.s obtained evidence that partially different genes
influence lipid levels in plasma at different ages. This
might be important information for gene-finding studies,
as there might only be a limited time period during which
genes that vary over the course of an individual’s life can
be detected. Other extended twin studies look at the

Table 1| Types of twin study and their applications

Types of twin study

Classical MZ-Dz
comparison

Multivariate analyses:
simultaneous analysis of
correlated traits

Co-twin control study

Extended twin study:
studies of twins and
their families

Genotyping at candidate
loci

Genotyping at marker loci

Application

These studies estimate the contributions of genetic and
environmental effects to phenotypic variance, and test,
for example, for age, cohort and sex differences in gene
expression

This type of analysis involves:

« direction of phenotypic causality

« causes of co-morbidity of two or more traits:
multivariate modelling of environmental and genetic
correlations between traits

multivariate modelling to obtain genotypic (or
environmental) values for individuals

analysis of longitudinal data to study causes of
phenotypic stability and tracking over time

» testing of G x E using measured environmental indices

Case—control studies of MZ twins who are perfectly
matched for genes and family background; such studies
can also be used to study gene expression in
discordant twins

« Parents of twins can be included to study cultural
transmission and G x E covariance

Parents of twins can be studied in a quasi-longitudinal
design to determine genetic and environmental stability
Assortative mating can be studied if spouses of twins
are included; social interactions and special twin
effects, such as prenatal hormone transition, the
‘private language’ of twins and shared prenatal
environment, can be studied if siblings of twins

are included

Maternal effects, G x E correlation and imprinting

can be studied if offspring of MZ twins are included

These studies include:

* genotyping of MZ twins to detect variability genes
and to estimate penetrance

* genotyping of DZ twins to estimate associations
within and between families

These studies include:

« genotyping of DZ twins (and parents) to detect
linkage with QTL

« selecting informative families from large twin registers
to find QTL of small effect

Dz, dizygotic; G x E, genotype x environment interaction; MZ, monozygotic; QTL, quantitative trait loci.

offspring of MZ twins who are genetically half-sibs but
sacially cousins®. The MZ-offspring design also allows
for the testing of maternal effects and imprinting by com-
paring the offspring of male and female MZ pairs.

Multivariate designs. By generalizing the univariate twin
study to multivariate designs, in which more than one
phenotype per person is analysed, the causes of associa-
tion and co-morbidity between traits can be investi-
gated. Multivariate twin studies make it possible to ask
questions such as; Does variation in exercise behaviour
cause variation in depression, or do the traits cluster
because they are influenced by a common set of genes?
Or, to give another example, do symptoms of anxiety
and those of depression cluster because one disorder
increases the risk for the other, or is there acommon
genetic vulnerability??’?¢ The answers to these questions
lie in the cross-twin, cross-trait correlations in MZ ver-
sus DZ pairs of twins, such as the correlation of anxiety
in one twin with depression in the other twin. Using this
design, Neale and Kendler? and Roy et al.” found that
co-morbidity between major depression (MD) and gen-
eralized anxiety disorder (GAD) is not due to chance or
to a third independent disorder, but is probably caused
by correlated susceptibilities to the disorders. The model
that best explained the association of MD and GAD
included a strong genetic correlation (of one) between
MD and GAD, and a weak correlation with the individ-
ual-specific environment. GAD and MD therefore share
genetic factors, but their environmental determinants
are mostly distinct.

Co-morbidity, the occurrence of two or more disor-
ders together, is often seen as a problem in molecular-
genetic psychiatric studies. To overcome this problem,
valid and objective diagnostic categories need to be
established. It is important to remember, however, that a
diagnostic label can be valid, without necessarily being
biologically meaningful*®. ADHD is a good example of
the importance of diagnostic categories. In clinical set-
tings, ~50% of children who meet the criteria for
ADHD also meet the criteria for oppositional defiant
disorder (ODD) and conduct disorder (CD), and
another 20-25% of children with ADHD also meet the
criteria for an anxiety disorder3.. Strategies for linkage
studies of ADHD could focus on ‘pure’ cases (for exam-
ple, children who have ADHD without any co-morbid
problems of ODD or anxiety) or on distinguishing in
the patient sample between ADHD cases with different
co-morbid conditions. Instead of agreeing on a particu-
lar scheme before carrying out a linkage study, it might
be more powerful to analyse the causes of co-morbidity
in a multivariate twin design and to establish the extent
to which the phenotypes that cluster share acommon
genetic basis. Twin registers can be extremely helpful in
this respect by coming up with reliable phenotypes that
can be useful in molecular-genetic studies. Again, twin
studies of ADHD are an example. Todd et al.*2 found
that different ADHD subtypes are influenced by differ-
ent genetic factors. Moreover, the genetically distinct
severe subtype also accounted for most of the co-
morbidity in the sample®. It therefore seems that
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REGRESSION COEFFICIENTS/
LINEAR REGRESSION

Linear regression is a statistical
method to test and to describe
the linear relationship between
two or more variables. The
regression coefficient describes
the angle of the regression line
and reflects the amount of
variance of the dependent
variable that is explained by
variation of the independent
variable.

NORMAL THEORY MAXIMUM
LIKELIHOOD

(ML). A statistical method that
works by varying the estimates
for parameters of a model, so
that the likelihood of the
observed data points is
maximized. Under normal
theory, the likelihood
corresponds to the height of the
normal curve (one variable) and
to the height of the multivariate
normal probability density
function for two or more
variables.

WEIGHTED LEAST SQUARES
(WLS). An alternative method
for estimating parameters
during model fitting. The square
of the difference between the
observed statistic (for example,
mean or covariance) and the
statistic that is predicted by the
theoretical model is weighted
and minimized. Weights are
usually chosen to correspond to
the accuracy of the observed
statistics.

DISINHIBITION

A sub-scale of the psychological
trait ‘sensation seeking;,
including items that describe
experiences or attitudes that
relate to sensation seeking
through other exciting people,
disinhibited or ‘wild’ parties,
social drinking and sexual
variety.

ENDOPHENOTYPES/
INTERMEDIATE PHENOTYPES
The physiological traits that are
related to a disease trait; for
example, for hypertension this
could include blood pressure,
angiotensin levels or salt
sensitivity.

PENETRANCE

The proportion of affected
individuals among the carriers
of a particular genotype. If all
individuals with a disease
genotype show the disease
phenotype, then the disease is
said to be completely penetrant.

separate genetic vulnerabilities account for ADHD
alone and for ADHD with co-morbid conditions.
Pending replication, these results provide a clear indica-
tion that linkage studies without phenotypic subtyping
would be struggling to deal with different genotypes
that underlie a seemingly similar phenotype.
Multivariate analyses are also needed for the simulta-
neous modelling of phenotypes (such as depression)
and ENDOPHENOTYPES OF INTERMEDIATE PHENOTYPES (SUch as
neuroticism or cortisol levels) to determine their com-
mon genetic aetiology. The power to detect linkage will
only be increased through the use of endophenotypes if
their association is due to pleiotropic genetic effects®.

Case—control studies. Twins are also useful in case—
control studies. MZ twins offer the possibility of carry-
ing out the ideal case—control study, as they are perfectly
matched for genotype and family background. Martin
et al.* studied vitamin C administration in one twin
and a placebo in the other twin, and found that, con-
trary to popular belief, there was no effect of vitamin C
on the common cold. Studies of the effects of fetal and
infant growth on later health (the Barker hypothesis; for
example, see ReF. 36) in twins have looked at the differ-
ences in birth weight in MZ and DZ twins and at their
association with differences in cardiovascular and meta-
bolic parameters. Twin studies can resolve whether these
associations are causal, or due to shared genetic factors.
For blood pressure, it turned out that the association
between low birth weight and high blood pressure in
later life is mediated by common genes®.

Inamore general version of this design, MZ twins,
only one of whom has a disease, are used in gene-
expression studies to distinguish between genes that are
related to the causes of the disease and genes that are
expressed as a consequence of the disease. Alternatively,
such differential expression, congruent with disease
discordance, might indicate causal genes that are

- —
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differentially activated by epigenetic factors®. Conversely,
the detection of somatic mutation of the same gene in
tumours from MZ twins, both of whom have the
tumour, might be a powerful way to detect predisposi-
tion genes®%,

The use of twins in molecular-genetic studies
The concordance between MZ twins sets the upper limit
on predictions of individual risk that can be made on
the basis of the human genome sequence. Discordant
MZ schizophrenic twins, for example, show that disease
outcome can be different for two individuals with an
identical genetic make-up. The same is also illustrated
by MZ twins with cleft lip and palate (FiG.3). MZ-twin
concordance therefore gives important information
about disease reneTrance and, if MZ twins are genotyped
at candidate loci, they provide information about locus-
specific penetrances. For quantitative traits, an associa-
tion between a particular genotype and MZ-trait
differences might not only reveal the relationship
between the gene and the trait, but also indicate that the
gene might be a ‘variability’ as opposed to a‘level’, gene.
The idea of variability and level genes was introduced by
Berg et al.** who were inspired by the study of intra-pair
variance for cholesterol in MZ twins of M—or M+ blood
group“. Level genes are considered to affect the mean
expression of a trait, or prevalence in the case of a dis-
ease, and are the usual target of association studies. By
contrast, variability genes need not influence trait levels;
instead, they determine the extent of the influence that
the environment has on the intra-individual variability.
In rare cases, MZ twins might inherit nearly, but not
completely, identical genotypes. Skewed X-inactivation
in female MZ twins, asymmetric transmission of mito-
chondria, somatic mutations and rearrangements of
epigenetic signals during gametogenesis might all
account for differences between MZ pairs of twins®%,
Such MZ twins might be extremely informative in

Figure 3 | Twin discordance. Twin six-month-old
monozygotic twins that are discordant for cleft lip and
palate. The asterisks in the pedigree indicate the other
patients in the father’s family. Orange circles, females; pink
squares, males; green circles, female twins (pictured). The
large symbols represent four daughters and seven sons.
Reproduced from REF. 66.
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molecular-genetic studies, as was recently shown. A pair
of MZ twins that were discordant for Van der Woude
syndrome (VWS) helped to identify the interferon regu-
latory factor 6 gene (IRF6) as the locus that is responsi-
ble for the syndrome. Subsequently, the same mutation
was identified in 45 unrelated affected families®.

Twins might also offer specific advantages in
genome-wide genotyping, such as linkage or association
studies, to map QTL. DZ twins are siblings of the same
age, so for traits that change with age, this fact will
decrease variance and therefore increase the power for
linkage studies. Twins are also matched for a broad range
of pre- and postnatal factors and are more likely than
other siblings to have the same father. The value of com-
bining linkage analyses for Mendelian traits in large
pedigrees with twin-based QTL linkage was shown in
mapping a cholesterol-lowering gene, known as CLG (or
MMP1)*. The mapping of this gene to chromosome 13
was based initially on a single Arab pedigree. The subse-
quent linkage study in German DZ twins not only con-
firmed the locus, but also added information on the
relevance of the as-yet-unknown gene by showing its
influence on lipid levels in the general population.

Of course, MZ-twin data do not contribute
towards detecting linkage, as MZ twins share all their
genetic material, being identical by descent. However,
analysing MZ phenotypic data simultaneously with
the linkage data in DZ twins and sibling pairs makes it
possible to distinguish between the effects that back-
ground genes and a shared family environment have
on the amount of familial variance that is not
accounted for by the QTL.

Risch and Zhang* have proposed that stringent
selection of extreme discordant and concordant
(EDAC) pairs might be the only reliable strategy for
QTL mapping in humans. Large registers of twins (see
next section) contain the phenotypes of thousands,
sometimes tens of thousands, of twins and their family
members, and are a suitable source of families that are
informative for linkage studies. Several such QTL-
mapping projects are now under way. For example, the
genes that influence neuroticism and depression are
sought in selected samples of twins and their
siblings*6-%8, DZ twins are used to ensure that extremely
discordant pairs are not selected because of age differ-
ences between them. For ordinary sibs, age differences
might be responsible for large phenotypic differences.

Twin registers worldwide

Getting off the ground. Many of the current twin regis-
ters (TABLES 2,3) are spin-offs from specific research pro-
jects, usually in psychology or medicine. For example,
the East Flanders Prospective Twin Study, now among
the most comprehensive collections of perinatal twin
data, started after the observation of lower degrees of
intra-uterine hypoxia in second-born twins. The Berlin
Twin Register started as a study on the genetics of
blood-pressure regulation during mental stress. Once
scientists gain experience with twin research, they usu-
ally realize the great potential of such studies that extend
beyond the original question and the necessity to ‘nurse’

this source of data. Resources allowing, a twin collection
develops into a register. To define a register, we need to
take into account the necessity to maintain and extend
the original sample and data collection, the sample size
and range, and the sophistication of the data. For this
overview, we have chosen large, population-based regis-
ters with up to 150,000 pairs of twins, as well as small,
but growing, collections of less than a hundred pairs.

The existing or emerging population-based registers,
such as those in Scandinavia, Italy, Korea and Sri Lanka,
are of extreme value for epidemiological research owing
to the lack of ascertainment bias. In some countries, the
sampling of pairs of twins is based on computerized
population registers, either by using direct information
on multiple births or by applying complex filters includ-
ing sharing of date of birth, family name at birth, place
of birth or partly sharing identification numbers.
Norway, which has one of the largest twin collections,
established a computerized twin register in 1990, but a
traditional nationwide archive of birth register was
established by the ‘Act of Castbergian’ as early as 1916. In
the absence of government address records, substitutes
such as drivers licence records are being used to trace
twins. But unbiased population samples can be
obtained using local or regional rather than nationwide
approaches, as has been shown in Sri Lanka where hos-
pital records of the main maternity hospitals were used
as a source of information on twins. In all cases, ‘real’
twins have to be distinguished from a larger subset of
‘potential’ twins, as sharing the name of their mother
and their date of birth might occur by chance®. Other
twin collections are gathered independently of central-
ized records and therefore depend more on the motiva-
tion of the twins or their parents. Recruiting twins
through advertising of twin studies has been used in
some cases, as well as through mass-media articles on
twins and twin research, in which information on major
achievements were combined with continuing studies
and contact information. These approaches have been
surprisingly effective, and the possible effects of bias in
such non-randomly ascertained samples can be dealt
with efficiently by statistical methods>.

Many researchers have started to realize the value of
large data collections for molecular-genetic studies and
have begun to include siblings, parents and offspring of
twins in their research projects.

Running the registers. Recruiting twins is only the first
step in running a twin register. There are many
processes that are involved in breathing life into such a
data collection. Keeping addresses up-to-date, main-
taining contact with and motivating twins are contin-
uous tasks. In this respect, twin registers face the same
problems as other large epidemiological collections,
except that the chances of re-establishing contact are
almost doubled owing to the family-based sample and
the close relationship of most twins. For all the main
registers, rules for starting new data collections have
been developed. All the registers included in this
overview are open to collaboration, provided that
scientific review confirms the merits of a research
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proposal, that there are no ethical concerns and that
funding is available. Basic funding is typically pro-
vided either nationally by the National Institutes of
Health in the United States (or equivalent funding
agencies elsewhere), or internationally, such as by the
European Community. Specific studies on twins are
funded by the same grants as are other medical and
psychology studies.

Data collection. Administrators of most registers main-
tain contact with the twins and their family members
through Web sites (TABLES 2,3), by sending out newslet-
ters and through mailed surveys. Even DNA samples
have been collected by post — for example, DNA from
buccal swabs has been collected in this way®2. The data
collection by mailed questionnaires has led to some very
large data sets. For example, Lake et al.*® analysed data

Table 2 | Twin registers in Europe

Twin studies

East Flanders Prospective
Twin Survey (EFPTS)

The Danish Twin Registry

The Finnish Twin Cohort

Berlin Twin Register
(HealthTwiSt)

German Observational Study
of Adult Twins (GOSAT)

and the Bielefeld
Longitudinal Study of

Adult Twins (BILSAT)

[talian Twin Registry

Register of Italian Twin
Athletes (RITA)

Twin Register of Rome
(TERRY)

Norway Twin Registries

The NIPH Twin Panel

The Swedish Twin
Registry

The Swedish Young Male
Twins Study

Netherlands Twin Register
(NTR)

St Thomas’ UK Adult Twin
Registry

Study of growth before

birth and adult health

Twins’ Early Development
Study (TEDS)

Northern Region Multiple
Pregnancy Register

URL or contact e-mail
address

c.derom@pi.de

askytthe@health.sdu.dk

jaakko.kaprio@helsinki.fi
http://mwww.healthtwist.de

angleitner@uni-bielefeld.de

http://www.gemelli.iss.it

casini@iusm.it

casini@iusm.it

mina.bergem@psykiatri.uio.no

jennifer.harris@folkehelsa.no

http://mww.mep.ki.se/twin

finn.rasmussen@imm.ki.se

http://www.psy.vu.nl/ntr

http://www.twin-research.ac.uk

g.mcneill@abdn.ac.uk

a.trouton@iop.kcl.ac.uk

christopher.wright@ncl.ac.uk

Number
of twins

6,050

65,000

15,000

>900

2,509

120,000

4,719

13,228

>40,000

7,668

57,405

1,783

30,335

10,000

123

16,810

1,216

Primary interest

Epidemiology, placentation*,
congenital anomalies, perinatal
factors and the Barker hypothesis

Ageing and age-related health,
metabolic and cardiovascular disease,
and specific diseases

Health, personality and substance
abuse

Complex diseases, health-related
QTs and pharmacogenetics

Longitudinal assessment of
temperament and personality;
generalizability of behavioural genetic
findings across methods of personality
assessment

Ageing, dementia, cardiovascular
diseases, MS, celiac disease, diabetes,
asthma, allergies, thyroid diseases

and behavioural disorders

Human biology and development,
sport and high-level performance

Lifestyle, development and ageing

Mental health, obesity, asthma and
allergies, health behaviours and percept-
ions, perinatal influence on health

Physical and mental health, asthma,
allergies, obesity and health-related
behaviours

Cancer, cardiovascular diseases,
dementia, depression, substance use/
abuse, cognition, personality, ageing
and common complex diseases

Risk factors for metabolic and
cardiovascular diseases; obesity
and behavioural risk factors

Development, behaviour and
emotional problems; cognition,
depression, addiction and cardio-
vascular risk factors

Cardiovascular, metabolic, musculo-
skeletal, dermatological and
ophthalmological diseases

Risk factors for coronary heart
disease

Longitudinal assessment of verbal

and non-verbal cognitive development
and delay; language development and
delay; childhood behaviour problems

Effects of multiple pregnancy,
obstetric and paediatric management,
and outcomes of pregnancy

Origin References

of twins

Belgium 56,67

Denmark 56,68

Finland 56,69

Germany 56,70

Germany 56,71

[taly 56

ltaly 56
[taly 56

Norway 56,72

56,73

Norway

Sweden 56,74

Sweden 56

The 23,56
Netherlands

UK 56,75

UK 56

UK 56

UK 56
(North East)

*Chorion type. MS, multiple sclerosis; NIPH, National Institute of Public Health; QT, quantitative trait.
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from more than 45,000 twins and their relatives on
neuroticism, which is a strong risk factor for the devel-
opment of depression, and concluded that familial
resemblance for this trait has a simple genetic basis.
Because of the large data sets that are available, it was
possible to reject alternative models for familial resem-
blance, such as cultural transmission.

Although sample size is clearly important in genetic
epidemiology, there is sometimes a pay-off in the
amount of data that can be collected through question-
naires and large-scale survey studies, and the scope or
depth of phenotypes that need to be collected in labora-
tory settings. To study the genetic basis of disease, inter-
mediate phenotypes often need to be determined in
more extensive and costly studies. The selection of sub-
samples can be based on random selection and also on
previous phenotyping from the larger registers (as, for
example, in the Australian (TABLE 3) or Scandinavian
(TABLE 2) registers); alternatively, smaller twin cohorts
can be collected for specific studies. The Register of
Italian Twin Athletes, or the Study of Growth Before
Birth and Adult Health (TABLE 2) are good examples of
successful in-depth studies on a small scale.

Centralized health databases that exist in some coun-
tries greatly facilitate efficient data collection. Finland
and other Scandinavian countries have centralized reg-
isters for hospital discharge data and for fully reim-
bursable medications. This information is accessible
with a unique personal identifier that is given to each
individual at birth. This allows record linking for all
twins without any self-selection as potential bias.
Personal identifiers of twins are used as a query filter for
the health databases, and matching records can then be
transferred into the twin database. This strategy was
successfully used by Lichtenstein et al.> to obtain heri-
tability estimates for 28 anatomically distinct types of
cancer. The authors combined data on 44,788 pairs of
Swedish, Danish and Finnish twins and found that
genetic factors only make a minor contribution to sus-
ceptibility to most types of neoplasm. (However, Risch%
argues that, for some cancers, the data are compatible
with a much larger influence of genetic factors.)

Unique features of individual registers. The behavioural
measurements collected for twin registers range from
questionnaire-based personality traits that are cata-
logued in many registers, to standardized psychiatric
interviews obtained by telephone and behavioural
responses recorded on video during real-life situations
(such as in the Bielefeld twin studies, TABLE 2). In studies
of young and adolescent twins, substantial resources are
devoted to developmental studies of psychopathology
and substance use and abuse. Clinical measurements
can be collected and include diagnoses, as well as spe-
cific measures such as bone density (as in the St Thomas
twin register in London) and magnetic resonance imag-
ing scans for cardiac function and morphology (as in
the Berlin register) (TABLE 2). Many registers focus on
cardiovascular disease and on metabolic syndromes and
their intermediate phenotypes (for example, the
Netherlands Twin Register (TABLE 2) and the ‘Project

Grow-2-Gether’ in New York (TABLE 3)). The determina-
tion of various phenotypes across various regions of
interest in the same twin cohort greatly adds to the value
of the data collection by allowing multivariate study
designs. Traits such as eating habits, addiction or coping
with stress are related to various health measures, based
either on underlying common genetic or environmental
influences or on direct effects. Twin methodology is
suitable to disentangle this complex relationship, given
that the relevant measures are available.

The value of a twin register is not so much deter-
mined by the existing database as by the ability to go
back to the twins to add information about the pheno-
types in a hypothesis-driven manner. Any finding leads
to new questions, and genetic research is no exception to
this rule. Finding a disease-relevant gene leads to the
question of the physiological pathway in which it acts
and the subsequent need for related physiological mea-
sures, known as (endo)phenotyping. Most twin registers
operate in a longitudinal way, establishing a continuing
relationship with study participants, which allows the
researcher to go back to interesting families to collect
additional data, including DNA samples for molecular-
genetic studies. For several registers, longitudinal data
collection — for example, to study the development of
childhood psychopathology — is the main focus of the
endeavour, and twins are recruited at birth or shortly
afterwards. The East Flanders Prospective Twin Survey
registers twins at birth and is unique in that it deter-
mines zygosity and placental information on all twins.
Data collected throughout the lifetime of the twins offer
unique opportunities, provided we can develop new sta-
tistical strategies that take advantage of such data.

The range of phenotypes that are available in the
existing registers covers many kinds of behavioural and
clinical trait. A more-detailed description of the regis-
ters, the samples of twins and twin family members, and
the phenotypic data collection, are available in a special
issue of Twin Research® published in October 2002,
which is devoted to twin registers worldwide and from
which TABLES 2,3 are abstracted.

Conclusion and prospects

For multifactorial traits (such as body height and
weight, neuroticism and blood lipid levels) and
complex diseases (such as obesity, depression and car-
diovascular disease), twin studies have shown that
genetics contributes significantly to the variation that
is seen at the population level. Many of these traits
and diseases are now on the increase in large areas of
the world and are influenced by risk factors that
include diet, smoking and lack of exercise (see, for
example, Rer.57). Although these ‘lifestyle’ risk factors
that are important for the development of complex
diseases are often considered to be ‘environmental’,
they might themselves be influenced by genes. Twin
studies have been useful in assessing the extent to
which variation in lifestyle and healthy behaviour
might itself be heritable. In fact, recent twin studies
provided considerable evidence that ‘lifestyle’ risk fac-
tors aggregate in families owing to shared genes, in
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addition to the shared environment. For example,
twin studies have indicated that differences in eating
patterns®®, alcohol use®®, smoking initiation and per-
sistence®, sports participationS! and even religious
beliefst% might all be influenced by genetic variation.
Heritability for a particular disease might therefore
reflect the direct influence of disease genes, the influ-
ence of genes that are responsible for variation in
lifestyle factors or the influence of genes that modify
the influence of lifestyle on disease risk.

The value of large, unbiased study samples that are
needed to verify the role of the genetic variation that
underlies common traits is well recognized. As pointed
out by Thompson®, we have now moved into an era in
which genotyping is relatively cheap and fast, and the
main cost of a study of a complex trait involves family
data collection and trait phenotyping. This view is
reflected in a recent decision by the European
Community to fund a large integrated project called
GENOMEUTWIN. The six participating twin cohorts,

Table 3 | Twin registers outside Europe

Twin studies

Australian Twin ADHD
Project (ATAP)

Australian Twin Registry

Western Australian
Twin Register

University of British
Columbia Twin Project

Chinese National Twin
Programme (CNTP)

Osaka University Aged
Twin Registry

Korean Twin Registry
Seoul Twin Family Study

National Twin Registry
of Sri Lanka

Mid-Atlantic Twin
Registry

NAS-NRC Twin Registry

Southern lllinois Twins

Vietnam Era Twin (VET)
Registry

International Twin Study

California Twin Program

San Diego Twin Blood
Pressure Study at UCSD

Southern California
Twin Register

Georgia Cardiovascular
Twin Study

Minnesota Twin Family
Study (MTFS)

Minnesota Twin Registry

NY Obesity Research
Center Child Twin Registry
(Project ‘Grow-2-Gether’)

Wisconsin Twin Project

URL or contact e-mail Number  Primary interest Origin  References
address of twins of twins
http://psych.curtin.edu.au/people/ 1,959  ADHD and childhood behavioural disorders ~ Australia 56
hayd.htm
http://www.twins.org.au 27,582  General resource for medical and scientific Australia 56,76
research
http://www.ichr.uwa.edu.au 4,729  Asthma and allergy; ADHD; early speech Australia 56
and behaviour
http://www.psychiatry.ubc.ca 816  Personality and the personality disorder Canada 56,77
cchp@public3.bta.net.cn 4,576  Establishment of population-based national ~ China 56
twin registry; aetiologies of common
diseases and health-related behaviour
hayakawa@sahs.med.osaka-u.ac.jp 12,000  Ageing, dementia, physical diseases, lipids,  Japan 56
cognition, lifestyle, life satisfaction and
quality of life
sungjohn@kangwon.ac.kr 154,783  Complex human diseases and traits S. Korea 56
http://www.ktrc.org >4,615  Cognitive abilities S. Korea 56
http://www.infolanka.com/org/ 20,294  Establishment of nationwide population- Sri Lanka 56
twin-registry based twin register for multidisciplinary
research and international collaborations
http://www.matr.vcu.edu 23,000 Behavioural and psychiatric USA 56
http://www.iom.edu/twins 15,924  Somatic and psychiatric disease; ageing; USA 56
social, psychological and demographic
variables
http://www.siumed.edu/playlab 126  Peer interaction behaviours and pre-school USA 56
cognitive development
birute.curran@med.va.gov 7,500  Veterans health, effects of combat, USA 56
psychiatric disorders and substance abuse
tmack@usc.edu 17,229  Aetiology of disease and genetic markers USA; 56
Canada
http://twins.usc.edu 13,096  Aetiology of disease and genetic markers CA, USA 56
http://elcapitan.ucsd.edu/hyper 200 Blood pressure; ‘autonomic intermediate CA, USA 56
phenotypes’ for high blood pressure
http://www.rcf.usc.edu/~lbaker 2,600  Social and moral development; childhood CA, USA 56
behaviour problems; cognitive abilities
http://www.mcg.edu/institutes/gpi 534  Longitudinal development of bio- GA, USA 56
behavioural antecedents of cardiovascular
disease in youth
http://www.tc.umn.edu/~mctfr 4,723  Substance use, related child and adult MN, USA 56,78
disorders
http://www.psych.umn.edu/ 5,599 Individual differences MN, USA 56
psylabs/mtfs
http://cpmcnet.columbia.edu/dept/ 50 Food intake; body composition NY, USA 56
obesectr/NYORC/twins.html
http://psych.wisc.edu/wtp NA*  Childhood behavioural disorders WI, USA 56

*Began in 1994 by recruiting twins born in 1989 onwards. ADHD, attention-deficit hyperactivity disorder; NA, not applicable; NAS-NRC, National Academy of
Sciences-National Research Council; UCSD, University of California at San Diego.
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