
Few papers have attempted to address the poten-
tial of extended kinships of twins to resolve the

complexities of biological and cultural inheritance in
humans. Since the mid-80s these issues have largely
been buried beneath the quest for specific genes that
contribute to individual differences in complex traits
and liability to disease. The articles of Keller et al. and
Medland and Keller (current issue) revisit these
issues. History will decide whether these new papers
represent the final gasp of a paradigm superceded by
the ‘new’ genetics or contain the timely seeds of
new birth in the face of a 30-year genetic research
program otherwise poised on the cusp of degenera-
tion (Lakatos & Musgrave, 1970).

The Classical Emphasis: Biological Inheritance
The study of human variation in the late 19th and
early 20th century was energized by the theory that
humans shared much, if not most, in common with
other species and that differences could be understood
by the same mechanical rules so patiently character-
ized by Mendel in his experiments in plant
hybridization (1865) and by Pearson and Lee (1903)
in their attempt to induce ‘the laws of inheritance in
man’ from the correlations between relatives. Karl
Pearson was the most forceful exponent of the view
that even the ‘inheritance of mental and moral charac-
teristics in man’ (1904) could be understood by the
same principles of family resemblance that explained
the inheritance of the ‘protopodite of the waterflea’.
The brilliant syntheses of Ronald Fisher’s elaboration
of the Mendelian polygenic theory of quantitative
inheritance (1918) and the Genetical Theory of
Natural Selection (1930) have retained their explana-
tory and heuristic power well into a new century.
Indeed, linkage and genome-wide association studies
of a magnitude that was almost inconceivable even a
decade ago appear to vindicate the Fisherian paradigm
of polygenic inheritance and confirm that the inheri-
tance of many complex traits depends on the relatively
small individual effects segregating at a remarkably
large number of genes.

Taking the Environment Seriously
The triumphal procession of essentially ‘biological’
anthropology relegated the environment to a nuisance

variable accounting for superficial differences that
have no real scientific or practical significance. Fisher’s
detailed analysis of kinship correlations between mul-
tiple degrees of biological relatives for stature showed
that this assumption appeared to be justified for physi-
cal traits. Pearson’s earlier sweeping generalization of
nineteenth century biology to behavioral differences
(1904), based as it was upon ratings of sibling behav-
ior only, savored of the same hubris implicit in the
oft-repeated modern claim that ‘molecular genetics
will sort it all out’. Humans, however, ‘do things’ that
have etiological implications. They structure and
manage their social interactions, choose their mates,
educate their children and seek to influence those
around them whether or not to their benefit.

Francis Galton, though driven by fascination with
the laws of family resemblance in humans (1869), rec-
ognized that a strictly biological interpretation might
be unwarranted if families sharing biological advan-
tages also had more than their fair share of significant
social advantage. For Galton (1883) the ‘history of
twins’ provided the key to unraveling the developmen-
tal implications of the environment. However, his
depiction of the environment by analogy to the short-
term effects of random eddies in the overwhelming
downstream force of the current from birth to death
reinforced a mechanical and reductionist model for
human variation that left little room for human
agency (e.g., Murphy & Brown, 2007).

Galton’s early twin study fell far short of the stan-
dards of sampling and measurement that are
prerequisites for modern studies. From the late 1920s
to the end of the 1960s vast numbers of twin studies
demonstrated that almost every measurable human
trait — physical, physiological or behavioral — showed
a significant heritable component. If the criticisms of
twin studies could be disregarded, the case for the
role of genes in human variation, and even in human
behavior, was insurmountable. It was a matter of jest
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that, when clinicians were devoid of better ideas, they
conducted a twin study to see if their favorite trait
‘had’ a heritability.

There were some exceptions, but such studies
focused on resolving the sources of variation for those
contributing to differences within pairs reared together.
The ‘equal environments assumption’ notwithstanding,
the twin study was presumed to control for the effects
of the environment shared by family members, and its
effects were largely unexamined.

There were occasional and significant exceptions.
Empirical studies were not confined exclusively to
twins living together. There were important studies of
other relationships, notably separated twins (e.g.,
Bouchard et al., 1990; Shields, 1962) and adoption
studies (e.g., Cadoret, 1978; Plomin & DeFries, 1985)
that attempted to test for the effects of the shared
home environment on human traits. From a theoreti-
cal perspective, psychologist Cyril Burt (Burt &
Howard, 1965) recovered Fisher’s model (1918) and
explained it to a less technical readership. His inclu-
sion of separated twins and adopted siblings permitted
a primitive analysis of the effects of the home environ-
ment, though he noted that the effects of nonrandom
placement might inflate the resemblance of foster sib-
lings (Burt, 1966). Raymond Cattell (e.g., 1963)
emphasized that human agency would lead to family
resemblance for environmental as well as genetic influ-
ences, especially for behavioral traits, and offered the
first illuminating exposition of genotype environment
correlation between and within families. Subsequently,
John Loehlin (1965) provided significant corrections
to Cattell’s initial equations, and Cattell’s seminal
work in this area was largely eclipsed by the concep-
tual, statistical and computational developments of
the next decade.

The sheer number and complexity of Cattell’s
equations posed a problem for estimation and hypoth-
esis testing that was, in part, resolved by John Jinks
and David Fulker in their (1970) classic application of
weighted least squares to the comparison of more par-
simonious (linear) models.

Had behavioral genetics remained an arcane
pursuit without social implications, the analysis of
family resemblance might have proceeded slowly.
However, Burt’s espousal of a predominately genetic
theory of differences in IQ were regarded by some as
lying behind the marked inequalities of expenditure on
secondary education in the United Kingdom. Arthur
Jensen’s (1969) attribution of race differences in mea-
sured IQ to genetic differences was viewed, rightly or
wrongly, as an attempt to provide a core of scientific
justification for the continuation of racism.

The standard of scientific debate was raised during
the 1970s by a concern to ‘get it right’ and to permit
genetic and social theories of human diversity to
compete on a level playing field. Among the critical
developments of that period were the extension of the
theory of particulate Mendelian inheritance to model

the nongenetic transmission and cultural evolution of
human behavior (Cavalli-Sforza & Feldman, 1973;
1981), the recognition that social attitudes might
provide a model system for testing the assumptions of
a purely genetic model and exploring the implications
of cultural inheritance (Eaves & Eysenck, 1974;
Feldman & Cavailli-Sforza et al., 1982). The recovery
of Sewall Wright’s (1921) method of path analysis by
Newton Morton (1973) and its application to family
resemblance in IQ and education (e.g., Jencks et al.,
1972; Rao et al., 1977,) provided the first attempt to
integrate polygenic and cultural theories of inheri-
tance. Whereas the models of Cavalli-Sforza and
Feldman were largely binary, in the tradition of classi-
cal population genetics, the development of path
models enabled the application of a unified model of
quantitative inheritance to family resemblance. The
principal feature of models for cultural inheritance
was the nongenetic transmission of information
between individuals in families and society (see also
Eaves, 1976). The powerful critical and corrective
appraisal of Arthur Goldberger (e.g., 1977, 1978) was
motivated in part by the need for a thorough evalua-
tion of this work by social scientists. This need
became still more urgent following publication
(Behrman et al., 1980) of the first twin study of
inequality income and occupational attainment. Much
of the empirical data underlying these studies were
reviewed cogently in a series of lucid chapters by the
late David Fulker (Fulker & Eysenck, 1979).

Integrating Biological and Cultural Inheritance
Different early models of biological and cultural inher-
itance made a variety of more or less arbitrary
assumptions about the mechanisms of cultural inheri-
tance and mate selection largely as a matter of prior
conviction or mathematical convenience. The model
of mate selection employed in many analyses of IQ in
the United Kingdom (e.g., Burt, 1966; Eaves, 1973,
1975; Jinks and Fulker, 1970) followed the model
that Fisher had applied to stature that assumed mate
selection was based on the measured phenotype (‘phe-
notypic assortative mating’) or on a latent ‘true’
phenotype that was subject to measurement error
(‘phenotypic assortative mating with error’, Heath et
al., 1985). The first applications of path analysis in
the same period assumed that assortment was based
on socially determined covariates of the phenotype
(‘social homogamy’, Morton, 1973). Similarly, the
nongenetic transmission of information from parent to
child was variously assumed to reinforce genetic (typi-
cally maternal) differences between the families (‘G to
E transmission’; e.g., Corey and Nance, 1974), depend
on the social correlates of the phenotype (‘E to E
transmission’; e.g., Rice et al., 1978) or direct inter-
generational influence of parents on children (‘P to E
transmission’; e.g., Eaves, 1976). The effects of cul-
tural inheritance in the presence of genetic
resemblance between relatives lead to correlation
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between genetic and environmental effects shared by
family members. In parallel with these developments,
the possible interaction of familial differences with age
and sex were considered (e.g., Eaves, 1977; Tambs et
al., 1993). The 1970s were a decade of refining
numerical methods for fitting constrained nonlinear
models for family resemblance and exploring the
algebra for different models of familial transmission.

This exploratory period culminated in 1979 with
the publication by Robert Cloninger and his col-
leagues at St. Louis of the first path model that
integrated Fisher’s model of phenotypic assortative
mating with the effects of vertical cultural inheritance
(‘P to E transmission’). This development provided the
impetus to the systematic developments of the 1980s
that lie behind the articles in this edition of Twin
Research and Human Genetics.

Towards a General Model
By 1980, it was clear that future studies needed to
address the nuances of mate selection, genetic and
nongenetic inheritance, nonadditive genetic effects,
and the effects of age and sex on the expression of
genetic and environmental factors. Power calculations
(e.g., Eaves, 1972; Martin et al., 1978) had shown
that even classical twin studies needed to be one or
two orders of magnitude larger to yield sufficiently
precise parameter estimates for all but the most trivial
models. The most appealing designs for the study of
nongenetic inheritance involved adoptees or separated
twins. These studies are powerful but difficult to
conduct in the face of justifiable need to protect the
privacy of adoptees and their families, and may
require that the biases of placement and sampling be
modeled in addition to those of genetic and non-
genetic inheritance. A series of papers in the early
1980s recognized that the resolution of mechanisms of
mate selection would be facilitated by the study of the
spouses of related individuals such as twins (Eaves,
1980; Eaves & Heath, 1981) and/or siblings (Heath et
al., 1985). Heath (1987) pointed out that the spouses
of twins and siblings could also resolve the effects of
mate selection on spousal resemblance from those on
spousal interaction without recourse to longitudinal
follow-up data on spouse pairs. Seminal work by Van
Erdewegh (1982) on modeling mate selection in multi-
variate systems provided the intellectual foundations
for a more general treatment of the nuances of mate
selection. David Fulker provided a lucid exposition of
the elements of an integrated model for mate selection
and cultural inheritance (1989).

The effects of biological and cultural inheritance
are confounded in studies of nuclear families. Rao et
al. sought to identify the model by including ‘environ-
mental indices’ (1974), but their use depended on the
untested assumption that such indices were not them-
selves a function of genetic differences. This
assumption is not warranted for many socio-economic
covariates and behavioral covariates of liability to

disease. Resolution of the effects of genes and shared
family environment in studies of twins reared together
depends critically on the assumption that mating is
random and gene action is additive (see, e.g., Neale &
Cardon, 1992). The study of twins and their parents
combines the value of the twin study for estimating
genetic effects with those of the nuclear family for esti-
mating the effects of assortative mating and
intergenerational transmission permitting some joint
analysis of the effects of genetic and cultural inheri-
tance (e.g., Fulker, 1982; Young et al., 1980).

Early work on the kinships of twins exploited the
offspring of MZ twins (‘MZ half siblings’, Corey and
Nance, 1974) to model the environmental effects of
the maternal genotype. Hayley and Jinks (1983)
extended the ‘children of twins’ design to include
other parental relationships and to consider the impli-
cations of sex-linked and sex-limited inheritance. This
early work provided the basic insight that the study of
twins and their children might provide an alternative
to the adoption study for the resolution of the biologi-
cal and social effects of parents on their children. The
basic logic is simple, though not foolproof. The
monozygotic-cotwin of a biological parent is geneti-
cally identical to a parent but is socially an uncle or
aunt. Ceteris paribus, the excess of the biological
parent offspring correlation over the ‘monozygotic
aunt–nephew/niece’ correlation yields information
about the nongenetic impact of parents on their chil-
dren. Strictly, this is only unambiguously the case if
mating is random, but the ambiguity can be resolved,
with implications for power, by appropriate exten-
sions of the design.

Putting it Together: 
The Extended Twin Kinship Design
Each of the component family-based designs —
nuclear families, twins, twins and parents, twins and
children, spouses of twins — provides information
about some of the critical parameters of biological and
cultural inheritance but none, by itself, could estimate
them all and provide a test of the underlying model. It
was not a major leap to see that combining all these
elements into a single design might provide sufficient
unique biological and social relationships to identify
and estimate the parameters of a fairly general model
and provide a test of goodness of fit. Thus, the
‘Extended Twin Kinship Design’ was born, comprising
twins, their parents, spouses, offspring and siblings
(see, e.g., Eaves et al., 2000). The addition of siblings
of twins provided a test of the representativeness of
twins and twin resemblance.

If analysis of the extended twin kinship design was
confined to collateral relatives and relatives separated
by only one generation (i.e., assuming that it would
be difficult to obtain large enough adult samples to
span three generations with self-report or face-to-face
assessment) the design provided 88 unique biological
and social relationships (i.e., distinct correlations
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between relatives) allowing for the various unique
configurations with respect to sex — more than
enough to identify the parameters of quite general
models for biological and cultural inheritance in the
presence of assortative mating.

The first attempt to collect data systematically using
the extended twin kinship design was undertaken in the
mid-1980s under the auspices of the Virginia 30,000
(VA30K), followed by a comparable Australian study
(the OZ25K) using many of the same measures.

In parallel with data collection, Eaves derived the
first set of complete expectations for the 88 correla-
tions under a model that allowed for phenotypic
assortative mating, additive and dominant genetic
effects, vertical phenotype to environment cultural
inheritance, excess twin environmental resemblance
and measurement error. The model allowed for differ-
ent genes to be expressed in males and females (sex
limitation) and for different cultural inheritance para-
meters as a function of the sexes of the parents and
offspring and assumed that the effects of assortative
mating and cultural inheritance on genetic correlations
and genotype–environment correlations had reached
equilibrium. The model was coded initially in
FORTRAN with help from John Hewitt, Andrew
Heath and Hermine Maes, and subsequently in pro-
grammed in Mx by Hermine Maes. The first
application was published by Truett et al. (1994) using
Church Attendance as a model variable likely to
engage most of the nuances of a joint model for the
effects of genes and environment.

The appearance of the path diagram (see, e.g.,
Eaves et al., 1999) led Lon Cardon to coin the name
‘Stealth Model’ because of superficial resemblance to
the silhouette of a Stealth Bomber. David Fulker
responded characteristically that ‘you could shoot
peas through it’.

The Stealth model has been applied to numerous
variables, from the VA30K and OZ25K, including
stature and conservatism (Eaves et al., 1999), church
attendance (Truett, 1994; Kirk et al., 1999), personal-
ity and social attitudes (Eaves et al., 1999), mood
(Kendler et al., 1994), BMI (Maes et al., 1997),
alcohol consumption and church attendance (Maes et
al., 1999). The latter application involved the first
extension of the model beyond the univariate case and
comprises part of the significant background to the
generalizations described here.

Beyond ‘Stealth’
The limitations of the Stealth model are numerous and
obvious. The assumption of phenotypic assortment,
with or without measurement error, is arbitrary and
restricting, especially given that part of the appeal of
the design its provision for testing alternative models
of mate selection. Similarly, the model for vertical cul-
tural inheritance assumes ‘P to E’ transmission.
Furthermore, the model currently ignores any interac-
tion between genetic or environmental effects and age.

The latter is a particular problem because it is likely to
inflate twin resemblance (because genetic effects are
assessed at identical ages in cross-sectional data) and
reduce intergenerational correlations relative to those
between collateral relatives (because collateral rela-
tives are more similar in age). These effects are likely
to introduce biases that resemble the effects of genetic
nonadditivity and special twin environment effects.

The articles in this edition of Twin Research and
Human Genetics represent the first significant
progress in modeling the extended kinships of twins in
more than a decade. Discussion among the authors
identified two necessary first goals. First, the model
needed to be generalized to allow more flexible speci-
fication of the mechanism of mate selection and
nongenetic inheritance. Achievement of this goal was
facilitated by the recognition that many of the nuances
of a more general univariate model for extended twin
kinships could be captured as special cases imposed by
varieties of constraints on a more generate bivariate
version of the original Stealth model. This model has
been appropriately renamed the ‘Cascade’ model by
Sarah Medland in the attempt to minimize the military
associations of ‘stealth’ and better to capture the
essential ‘cascading’ qualities of vertical familial trans-
mission. Second, a flexible algorithm for the
simulation of extended twin kinships was needed if
the biases introduced by the complexities of nonaddi-
tive genetic effects, genotype × age interaction and G ×
E interaction were to be explored and, ultimately, be
modeled. A simulation program, GeneEvolve (avail-
able for download at http://www.matthewckeller.com/
html/geneevolve.html), accurately simulates these and
other complexities in genetically informative data. Early
results indicate that extended twin family models work
as designed, and that results are fairly accurate even in
the presence of genotype × age and G × E interactions
(Keller, Medland, & Duncan, in prep). It is a testimony
to the industry and ability of a new generation of young
scholars that they have accomplished what others had
found too daunting.

Who Cares?
Thirty years ago, a workshop at Snowbird Utah (see
Sing & Skolnick, 1979) heralded a new generation of
optimism that the individual genes responsible for lia-
bility to complex disease would soon be identified,
initially by segregation analysis of extended pedigrees
(e.g., Elston & Stewart, 1971) then by genome-wide
linkage analysis (e.g. Kruglyak & Lander, 1995) and,
most recently, by genome-wide association analysis of
increasingly large samples of cases and controls. As
the hard-won findings of these studies are established
(e.g., Diabetes Genetics Initiative, 2007; Easton &
Eeles., 2008; Sklar et al., 2008), there is growing
awareness that Fisher may have been right in 1918
and that the genetic component of quantitative varia-
tion indeed represents the cumulative effects of large
numbers of genes of relatively small individual effect.
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The optimism that molecular genetics, served by
statistical genetics when needed, holds the principal
key to prevention and treatment continues, but there
are reasons to question that assumption in some cir-
cumstances. Improvement in quality of life and health
may benefit as much from understanding the nature,
distribution and transmission of social risk factors as
their biological etiology. The genetic contribution to a
wide range of human traits is often moderate at best.
The environment and perhaps its interaction with
genotype may still bear much of the burden of risk.
Many of the salient environmental risk factors are
familial, stratified in human populations and conceiv-
ably correlated with genetic differences. Although
there are exceptions, the biological and social study of
human differences have followed separate trajectories
and been the source of unproductive misunderstand-
ing, even antipathy, between the life and social
sciences. The articles that follow represent an attempt
to provide a deeper understanding of the subtleties of
biological and cultural inheritance that may challenge
the separation of the two research programs and
provide new insight to both about intricacies that each
has tended to ignore.
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