Chapter 2

Progress in Understanding the Causes

of Autism Spectrum Disorders and Autistic
Traits: Twin Studies from 1977

to the Present Day

Angelica Ronald and Rosa Hoekstra

Introduction

This chapter provides a comprehensive review of twin studies in the autism field.
While family studies have also made a substantial contribution to our understanding
of autism, these have not been reviewed here for the practical reason of space and
because several informative reviews of family studies of autism are available (e.g.,
Bailey, Palferman, Heavey, & Le Couteur, 1998; Sucksmith, Roth, & Hoekstra,
2011). It is also not within the scope of this chapter to include a systematic account
of molecular genetic findings in ASD; the reader is directed to the following review
papers (Abrahams & Geschwind, 2008; Betancur, 2011; Freitag, Staal, Klauck,
Duketis, & Waltes, 2010; Geschwind, 2011).

In this chapter, we describe how the well-documented original twin studies of
narrowly defined autism have been succeeded by twin studies of autism spectrum
disorders (ASDs) and by a new wave of twin studies exploring the etiology of
dimensional assessments of autistic traits in the general population. We discuss how
this literature contributes to our understanding of the dimensional nature of autistic
behaviors. Furthermore, we consider how twin research has added to our under-
standing of the overlap between autism and intellectual disability, language devel-
opment, and psychiatric conditions, and how it has provided evidence for etiological
heterogeneity in autistic symptoms. Finally, after considering some limitations and
assumptions inherent in these twin studies, we provide suggestions for future
research directions.
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Current Issues

Autism Spectrum Disorders

ASDs are a group of neurodevelopmental conditions characterized by impairments
in social interaction, communication, and by restricted repetitive behaviors and
interests (American Psychiatric Association, 2000). Diagnosis usually occurs in
childhood and ASD diagnoses are usually extremely stable across the lifespan. The
previous edition of the diagnostic statistical manual (DSM-IV, American Psychiatric
Association 2000) distinguished the ASD subtypes autistic disorder, Asperger syn-
drome, and pervasive developmental disorder not otherwise specified (PDD-NOS).
I The new DSM-5 edition, folds several subtypes into a single group called “autism
spectrum disorder” (see www.dsmS5.org). ASDs are more common in males, with a
male to female ratio of about 4:1 (Fombonne, 2006), and they can occur in individu-
als across the full range of cognitive ability from very low to very high IQ
(Fombonne, 2006).

The Heritability of Autism, Autism Spectrum Disorders,
and the Broader Autism Phenotype

It is well established that twin studies of narrowly defined autism reported monozy-
gotic (MZ) twin pairs to be more similar than dizygotic (DZ) twins in their concor-
dance for autism (Bailey et al., 1995; Folstein & Rutter, 1977; Ritvo, Freeman,
Mason-Brothers, Mo, & Ritvo, 1985; Steffenburg et al., 1989). Table 2.1 outlines
the twin studies of narrowly defined autism and ASD. In the original Folstein and
Rutter study including 21 twin pairs (11 MZ and 10 DZ pairs) (Folstein & Rutter,
1977), MZ twins, who share all of their genes, were 36 % concordant—that is, in
just over a third of pairs both twins had autism. In DZ twins, who share on average
half their DNA, there was 0 % concordance—that is, all twin pairs were discordant
for diagnosis: one had autism, the other did not. The concordance rates were not
found to be explainable by biological hazards associated with the twins’ birth.
Model fitting in a later paper estimated the heritability of autistic disorder as
91-93 % (Bailey et al., 1995). It was also found that when criteria were widened to
include individuals who show some but not all of the features of autism, this
“broader autism phenotype” (BAP, as described by Folstein & Rutter, 1977), the
MZ concordance increased to 92 % and the DZ concordance increased to 10 %,
respectively (Bailey et al., 1995) (see Table 2.1).

Since the twin studies of narrowly defined autism, there have now been four twin
studies incorporating all autism spectrum disorders (see Table 2.1). The first two
twin studies of ASDs reported high MZ concordances (88-95 %) and DZ concor-
dances of 31 % (Rosenberg et al., 2009; Taniai, Nishiyama, Miyachi, Imaeda, &
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2 Progress in Understanding the Causes of Autism Spectrum Disorders... 39

Sumi, 2008). These DZ concordances for ASD are notable for being higher than in
any previous twin studies of autism, whereas the MZ concordances are similar to
those reported in some of the previous studies. The first ASD twin study employed
a sample of children with ASD from Japan who were diagnosed using DSM-IV
criteria (Taniai et al., 2008). Because no structured interview was available in
Japanese, the children were diagnosed using semi-structured summaries (case
vignettes) of all available psychiatric and diagnostic information. Using the
Childhood Autism Rating Scale as a quantitative assessment of autistic symptoms,
this study reported heritability estimates of 73 % for males and 87 % for females. It
is unknown how diagnoses made by case vignettes in Japan compare to the standard
Western diagnostic instruments. Apart from methodological differences there may
also be subtle cultural differences in the expression, diagnostic practice, and preva-
lence of ASDs (Grinker, 2007; Grinker et al., 2012; Kim et al., 2011). The second
ASD twin study relied on parent report of ASD diagnoses through a US-based vol-
untary online register (Rosenberg et al., 2009). This is a less systematic or reliable
ascertainment method than employed in the previous twin studies, but has the
advantage of giving a large sample size (with 277 twin pairs it is the largest twin
study of ASD published so far). The twin concordances from this second ASD twin
study (MZ, 88 %; DZ, 31 %) are highly similar to those from the first ASD study
from Japan, described above.

Finally, the more recent third and fourth twin studies of ASD are notable for hav-
ing both relatively large and systematically obtained population samples from
Sweden and California, respectively. Both studies reported concordances as well as
liability threshold model-fitting analyses (Hallmayer et al., 2011; Lichtenstein,
Carlstrom, Rastam, Gillberg, & Anckarsiter, 2010). In the Swedish study, the con-
cordances for all ASDs (the measure did not distinguish different types of ASD)
were 39 % for MZ twins and 15 % for DZ twins; liability model-fitting analyses
suggested a heritability of 80 %, thus again indicating strong genetic influences on
ASD (Lichtenstein et al., 2010). The Californian study (Hallmayer et al., 2011) dis-
tinguished strict autism from broader ASD and reported MZ and DZ twin concor-
dance rates that were largely similar to previous studies. For narrowly defined autism,
the MZ vs. DZ concordance rates were 58 % vs. 21 % (males) and 60 % vs. 27 %
(females), compared with 77 % vs. 31 % (males) and 50 % vs. 36 % (females) for
broader ASD. These concordance rates are remarkably similar to the rates reported
by Rosenberg et al. (2009) and Taniai et al. (2008), with the exception of the rela-
tively low concordance for broad ASD in MZ females (although the confidence inter-
vals around this estimate were large due to limited sample size). Despite the
similarities in concordance rate findings, the liability threshold model-fitting analy-
ses employed by Hallmayer et al. (2011) produced a more modest heritability (37 %
for autism and 38 % for ASD) and a large shared environmental component (55 %
for autism and 58 % for ASD; Hallmayer et al., 2011). This is the first and only twin
study to report substantial shared environmental influences on diagnosed autism or
ASD. The contrasting results from this Californian twin study compared to all the
other twin studies of autism and ASD that have included model-fitting analyses—in
particular the finding of a large shared environmental component—require further
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explanation. Possible reasons for the different results in this study may involve the
characteristics of the Californian twin sample or the specific assumptions employed
in the modeling, including the ascertainment probability. The participation rate in
this study was only 17 %, and although the authors could rule out various sources of
potential ascertainment bias, it remains a question whether the sample under study
was a true reflection of the Californian population as a whole. A notable characteris-
tic of the Californian study was its use of the autism diagnostic observation schedule
(ADOS) and autism diagnostic interview-revised (ADI-R) diagnostic tools to iden-
tify cases. The ADOS involves observational assessments of behavior, and the com-
bination of these two instruments has come to be considered one of the most
well-respected methods of diagnosing ASD in recent years.

In sum, since the original twin studies showed the high heritability of autistic
disorder, three new studies have reported twin concordances or model-fitting results
to suggest a high heritability for ASD, while one study has suggested that shared
environment may play a prominent role in ASD.

Autistic Traits in Community Samples

Findings from broader autism phenotype studies in first-degree relatives of people
with autism (Sucksmith et al., 2011) revealed that these relatives may show elevated
rates of behavioral and personality traits characteristic of ASDs. Quantitative scales
assessing these so-called autistic traits, such as the Childhood Autism Spectrum
Test (CAST; Williams et al., 2008), Autism-Spectrum Quotient (AQ; Baron-Cohen,
Wheelwright, Skinner, Martin, & Clubley, 2001), and Social Responsiveness Scale
(SRS; Constantino, 2002), are continuously distributed in community samples
throughout the normal range to the clinical extreme and show high internal consis-
tency (e.g., Hoekstra, Bartels, Cath, & Boomsma, 2008; Skuse, Mandy, & Scourfield,
2005). Relatives of individuals with ASDs show, on average, elevated levels of
autistic traits compared to control families (e.g., Bishop, Maybery, Wong, Maley, &
Hallmayer, 2006; Constantino et al., 2006) suggesting that subclinical autistic traits
share familial influences with diagnosed ASD. Since common genetic variants (that
are, by definition, present in a significant proportion of the general population) are
thought to play a role in the etiology of autism (e.g., Alarcén et al., 2008; Anney
et al., 2010; Ronald, Butcher, et al., 2010; Wang et al., 2009; Weiss et al., 2009), it
is argued that understanding the etiology of individual differences in autistic traits
in the general population may aid our understanding of the causes of clinically diag-
nosed autism.

Table 2.2 describes twin studies of autistic traits assessed in general population
and community samples. These studies report that autistic traits, as assessed using
quantitative scales such as the CAST, AQ, and SRS, show heritability estimates
ranging from 36 to 90 % in twin samples ranging from age 2 to age 18. The general
trend is for heritability to vary between 60 and 90 % for parent- and teacher-rated
autistic traits in middle childhood and older (Constantino & Todd, 2000, 2005;
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Lundstrom et al., 2012; Robinson et al., 2011; Ronald, Happ€, Bolton, et al., 2006;
Ronald, Happé, & Plomin, 2005; Ronald, Happé, & Plomin, 2008; Skuse et al.,
2005), with self-report assessments of autistic traits giving more moderate heritabil-
ity estimates (32-57 %; Hoekstra, Bartels, Verweij, & Boomsma, 2007; Lundstrém
et al., 2011; Ronald, Happé, et al., 2008). The two twin studies of early childhood,
on 2-year-olds, also reported moderate heritabilities (40 and 44 %) of parent-rated
autistic traits (Edelson & Saudino, 2009; Stilp, Gernsbacher, Schweigert, Arneson,
& Goldsmith, 2010).

Shared environmental influences are the environmental influences common to
both twins that make children growing up in the same family more similar. Some
studies in middle-to-late childhood report modest shared environmental influences
ranging from 10 to 32 % (Constantino & Todd, 2000, 2003, 2005; Ronald, Happé,
et al., 2008), but the majority find no significant effects (see Table 2.2). All studies
report modest to moderate influences of the nonshared environment, defined as
environmental influences that make children growing up in the same family differ-
ent, and which by default include measurement error in their term.

Twin research has demonstrated the magnitude of the role of both genetic and
environmental influences on autistic traits across development, both measured in
the general population and in the extremes of this population. Extremes analyses
(presented by Lundstrom et al., 2012; Robinson et al., 2011; Ronald, Happé, Price,
Baron-Cohen, & Plomin, 2006; see Table 2.2) consistently suggest that there is a
genetic link between ASDs, impairments at the quantitative extreme of the distribu-
tion of autistic traits, and variation in autistic traits in the general population. For
example, in a recent UK study, the high heritability of autistic traits at age 12 did not
differ for extreme 5, 2.5, and 1 % quantitatively defined extreme-scoring groups
(Robinson et al., 2011). In a Swedish sample, similar findings were reported and
cross-twin cross-cut-off correlations suggested considerable genetic overlap across
varying severity thresholds for autistic symptoms (Lundstrom et al., 2012).

In sum, twin studies of autistic traits have been important in supporting the
notion of autism as a continuously distributed trait, a position that has been champi-
oned by a number of autism researchers (Baron-Cohen et al., 2001; Constantino &
Todd, 2003; Gillberg, 1992; Hoekstra et al., 2008; Ronald, Happé, Bolton, et al.,
2006; Ronald & Hoekstra, 2011; Skuse et al., 2005).

“MZ Differences” Design

Twin studies of autism, broader ASDs, and autistic traits consistently demonstrate
that nonshared environment plays a modest but potentially important causal role.
MZ twins are not 100 % similar on autism, broader ASDs, BAP, or autistic traits.
The most effective way to identify nonshared environmental influences is to employ
an MZ differences design. Because MZ twins are genetically identical at the DNA
sequence level (but may show differences in gene expression due to, e.g., differ-
ences in DNA methylation levels; Jirtle & Skinner, 2007), any differences between
two identical twins are due to nonshared environment.
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Nonshared environmental influences are defined as environmental influences
that make children growing up in the same family different and can include epigen-
etic processes, gene expression, illnesses, intra- and extrauterine environment, and
measurement error. If de novo mutation events (e.g., rare de novo copy number
variants, e.g., Sebat et al., 2007) or single nucleotide variants (Neale et al., 2012;
O’Roak et al., 2012; Sanders et al., 2012) which have been linked to autism took
place after the MZ twins separated, thus inducing differences between the twins,
these effects will also be included in the nonshared environmental component. As
such interpretations of nonshared environmental effects should always be consid-
ered in light of this definition.

A handful of studies have used structural MRI methods to report brain differ-
ences between MZ twins discordant for a narrow definition of autism.! Fourteen MZ
pairs, nine of whom were clinically discordant for strictly defined autism, were
examined and some neuroanatomical differences associated with this discordance
(such as cerebellar volume) were reported. There was however also strong concor-
dance across these pairs, for example, in cerebral gray and white volumes (Kates
et al., 2004). Recently specific brain regions including the prefrontal cortex, amyg-
dala, and hippocampus were examined, again finding that the degree of within-pair
neuroanatomical concordance varied by brain region (Mitchell et al., 2009). The
same sample has also been used to explore gyrification (cortical folding) patterns
(Kates, Ikuta, & Burnette, 2009). Further research that attempts to replicate these
interesting findings is needed.

One of the most well-replicated associations, in terms of putative risk factors,
is between ASD and perinatal obstetric complications (Kolevzon, Gross, &
Reichenberg, 2007; Ronald, Happé, Dworzynski, Bolton, & Plomin, 2010).
Perinatal obstetric complications could be a result of preexisting genetic abnormali-
ties in individuals who later develop ASD, could be a causal environmental risk
factor, or could be both. To address whether perinatal obstetric complications could
be an environmental risk factor for autistic traits, MZ twins in the UK-based TEDS
sample who were discordant for postnatal birth complications (e.g., one twin had
been in intensive care, the other had not) were compared on their later autistic trait
scores. In some cases, significant correlations were observed between the two “dif-
ference” scores, that is, the twin with more postnatal birth complications had more
autistic traits at a later age compared to their co-twin (Ronald, Happé, et al., 2010).
In the Swedish CATSS sample, a co-twin control design was used to show that birth
weight was modestly associated with autistic traits and risk of ASDs (Losh,
Esserman, Anckarsiter, Sullivan, & Lichtenstein, 2012). These findings do not rule
out that some birth weight and postnatal birth complications associated with autism
or autistic traits could be due to genetic factors, but, if replicated, suggest that birth
weight and postnatal complications can have a causative influence on a child’s later
autistic traits and risk of ASD, above and beyond the influence of a child’s DNA

!'Case studies of single twin pairs with ASD have been omitted from this review. Although case
studies are useful at a descriptive level, statistical results cannot be derived from individual pairs.
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code. This would fit with the predictions from twin studies, which consistently find
evidence for nonshared environmental effects on autism and autistic traits.

Finally, a sample of three MZ pairs discordant for ASD diagnoses (one twin in
each pair had autism; the other had some autistic traits and was described as “not
quite autistic” or “broad spectrum’) has been studied in relation to their gene expres-
sion profiles (Hu, Frank, Heine, Lee, & Quackenbush, 2006; Sarachana, Zhou,
Chen, Manji, & Hu, 2010) and their methylation profiles (Nguyen, Rauch, Pfeifer,
& Hu, 2010). Both gene expression and epigenetic changes can occur as a result of
genetic or environmental influences. The combination of phenotypically discordant
genetically identical MZ twins and gene expression or epigenetic profiling allows
for the discovery of biological mechanisms underlying nonshared environmental
influences on autism (because DNA code is controlled for in the MZ differences
design). Because MZ twins discordant for ASD are relatively rare, an inherent chal-
lenge of these MZ differences studies is how to employ a sample that has more
participants than measured variables. Two options are to collaborate by combining
samples and to study autistic traits rather than diagnosed ASD (see, e.g., Ronald,
Happé, et al., 2010). Nevertheless, this is a promising field for further research.

Multivariate Twin Studies of Autism and Autistic Traits

In the following sections, we consider what twin research has added to our under-
standing of the overlap between autism and intellectual disability, language devel-
opment, and psychiatric conditions, and how it has provided evidence for etiological
heterogeneity in autistic symptoms.

Autism and Intellectual Disability

Intellectual disability (IQ <70) is common in ASD. However, people with ASD are
found along the entire spectrum of intellectual ability and prevalence estimates of
intellectual disability in ASD vary widely, with older studies suggesting that around
70 % of people with ASD also have intellectual disability (Chakrabarti & Fombonne,
2005; Fombonne, 2006) and more recent studies giving a substantially lower preva-
lence estimate of intellectual disability (e.g., 38 % in the most recent estimates from
the US-based Autism and Developmental Disabilities Monitoring Network; Baio
et al., 2012). Twin studies can help to elucidate whether autism and intellectual dis-
ability share common etiological influences. So far, three studies from two different
research groups have explored the genetic overlap between autistic traits and intel-
lectual abilities. Nishiyama et al. (2009) examined the genetic correlation (7,)
between 1Q and autistic traits in 45 young twin pairs in which at least one twin had
an ASD diagnosis. The genetic correlation gives an estimate of the extent to which
the set of genetic influences on one trait overlaps with the set of genetic influences
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on another trait. A correlation of 1.0 implies complete overlap, while a correlation
of 0 suggests that the sets of genes are entirely independent. Nishiyama et al. (2009)
reported a very strong negative genetic correlation (7,=-0.95), suggesting that the
genes affecting the risk for autism and the genes influencing IQ largely overlap, act-
ing to increase risk for autism and decrease propensity for intellectual development.
Due to the small sample size, the confidence intervals (CI) varied widely (the 95 %
CI was between —1.00 and —0.60). Moreover, the authors put forward that the
genetic correlation they reported may be inflated because of the inclusion of severely
intellectually disabled children who only had a mild degree of autism and had
received a PDD-NOS diagnosis. On the other hand, the findings fit in well with
studies of rare gene variants, which suggest a large overlap between rare gene vari-
ants for autism and rare gene variants for intellectual disability (see Betancur, 2011
for a review).

It has been suggested that the association between intellectual disability and
autism may be inflated in clinical samples, since the probability of clinical ascer-
tainment is greatly increased in individuals expressing both conditions (Skuse,
2007). These possible effects of clinical ascertainment bias (Boomsma, Busjahn, &
Peltonen, 2002) can be avoided by studying the association between autistic traits
and IQ in the general population. A community-based twin study (Hoekstra,
Happé, Baron-Cohen, & Ronald, 2009) examined the extent to which extreme
autistic traits (defined by a score in the top 5 % of the population on a measure of
autistic traits) were related to intellectual difficulties (defined by a score in the bot-
tom 5 % on measures of intelligence and academic achievement). Both extreme
traits showed only a modest degree of genetic overlap; this was true for both par-
ent- and teacher-rated autistic traits and for both poor academic achievement and
low IQ scores (r, ranging between 0.04 and 0.44). A follow-up study explored the
longitudinal association between autistic traits and IQ using data from the twin
population sample as a whole (Hoekstra, Happé, Baron-Cohen, & Ronald, 2010).
A stable set of genetic influences could explain the stability of autistic traits over
time (at ages 8, 9, and 12 years), while another set of genetic influences explained
the stability in IQ scores over time (ages 7, 9, and 12 years). The genetic overlap
between these two sets of genetic influences was only modest (7,=-0.27; 95 % CI
—0.34 to —0.22) and was mainly accounted for by pragmatic communication diffi-
culties characteristic of autism. This study was limited in that it included few cases
with severe or profound intellectual disabilities, as it was drawn from a population-
based sample. It may be that genetic influences involved in causing autism in peo-
ple with severe intellectual impairment are somewhat distinct from the genetic
influences causing autism in people with normal or near-normal intelligence and
that the genetic influences causing autism in the severely intellectually impaired
also impact on 1Q. Although further studies are needed in this area, this is one
hypothetical scenario that would reconcile the different findings in Nishiyama
et al. (2009) and Hoekstra et al. (2009, 2010). The rare gene variants that have so
far been implicated in autism (Betancur, 2011) and especially rare gene variants
with a role in synaptic functioning (Persico & Bourgeron, 2006) are likely
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candidates to explain the genetic overlap between autism and intellectual disability.
So far, much less is known about the genetic variants that can affect the risk for
autism, but spare intellectual functioning.

Autism and Early Language Problems

Delays in the development of speech and language are the most common early signs
of autism recognized by parents (De Giacomo & Fombonne, 1998). There is large
variability in language ability between children on the autism spectrum, varying
from children with no useful speech (in about 20 % of children with autism) to
children with Asperger syndrome (as defined by the DSM-IV; American Psychiatric
Association, 2000) who do not show any significant general language delay and
may have a large vocabulary. Twin studies have demonstrated a moderate to high
heritability for language (see Stromswold, 2001 for a review) and specific language
impairment (Bishop, 2002).

Similar to the studies into the overlap between autism and IQ, twin studies can
shed a light on the genetic correlation between language delay and autism.
Dworzynski et al. (2007, 2008) studied the association between early language (at
ages 2, 3, and 4 years) and subsequent autistic traits at age 8 in a general population
sample. Early language problems (indexed by language scores in the bottom 5 % of
the population) were only modestly related to later autistic traits, most notably
autistic pragmatic communication problems. This phenotypic correlation was
entirely explained by genetic influences; the genetic correlation between extreme
autistic traits and early language problems was modest (r,=0.33) (Dworzynski
et al., 2008). Analyses using the data from the whole sample reported a modest to
moderate overlap between the genetic influences on language delay and the genetic
effects on autistic traits (Dworzynski et al., 2007). Further twin studies are war-
ranted that assess the association between language development and ASD or autis-
tic traits measured at similar developmental ages.

Autism and Psychiatric Conditions

Comorbidity is common in child psychiatric conditions, and autism is no exception.
For example, between 24 and 59 % of individuals with autism are thought to also
have an anxiety disorder (Weisbrot, Gadow, DeVincent, & Pomeroy, 2005), and in
a large UK study, 28 % of individuals with ASD met the criteria for ADHD
(Simonoff et al., 2008). Twin studies of autistic traits have developed some interest-
ing hypotheses concerning the causes of this comorbidity.

Table 2.3 outlines twin studies of psychiatric comorbidity in ASD and autistic
traits. As shown in the table, significant genetic overlap has been reported between
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autistic traits and ADHD traits in the general population (Constantino, Hudziak, &
Todd, 2003; Lundstrom et al., 2011; Reiersen, Constantino, Grimmer, Martin, &
Todd, 2008; Ronald, Edelson, Asherson, & Saudino, 2010; Ronald, Simonoff,
Kuntsi, Asherson, & Plomin, 2008) as well as between children who appear to meet
diagnostic criteria for ASD and ADHD according to parent report (Lichtenstein
etal., 2010; Ronald, Simonoff, et al., 2008). The genetic correlations between autis-
tic traits and ADHD behaviors reported in these studies were all substantial (7,
between 0.53 and 0.87), apart from a more modest estimate (r,=0.27) found in
young twins (24-month-olds) (Ronald, Edelson, et al., 2010).

Multivariate twin models on autistic traits and anxiety have also been reported.
According to findings from the UK TEDS sample, rather than genetic influences
playing a major role in their overlap (as appeared to be the case between ASD and
ADHD), autistic traits and anxiety-related behaviors share some common environ-
mental influences and also display phenotypic interaction over time (Hallett,
Ronald, & Happé, 2009; Hallett, Ronald, Rijsdijk, & Happé, 2010). As shown in
Table 2.3, genetic correlations between autistic traits and anxiety-related behaviors
in middle childhood were low (r, between 0.12 and 0.19) suggesting that these types
of psychopathology co-occur for reasons other than shared genetic pathways
(Hallett et al., 2009). In a Swedish population sample, somewhat higher genetic
overlap was reported between autistic traits and anxiety traits in both child and adult
samples (r, 0.53 and 0.51, respectively) (Lundstrom et al., 2011). In a more recent
analysis of specific subtypes of autistic traits and internalizing traits, autistic-like
communication difficulties and restricted repetitive behaviors correlated most
strongly with generalized anxiety and negative affect both phenotypically and
genetically (Hallett, Ronald, Rijsdijk, & Happé, 2012). Conversely, social difficul-
ties showed low overlap with internalizing behaviors. In the only twin study of
comorbid mental health problems in autistic traits in late adolescence (Hoekstra,
Bartels, Hudziak, Van Beijsterveldt, & Boomsma, 2007), autistic traits were found
to be significantly related to withdrawn behavioral problems and social problems.
Autistic traits and anxiety/depressive behaviors also correlated modestly, but this
correlation ceased to be significant after the effects of social and withdrawn behav-
ioral problems were taken into account in the regression model. Substantial genetic
overlap between both withdrawn behaviors and social problems with autistic traits
was found. Overall, the results to date suggest that autistic traits and anxiety behav-
iors do not appear to share as much genetic overlap as autistic traits and ADHD, but
the somewhat mixed results may reflect different measures used for anxiety behav-
iors as well as different age groups.

Lastly, new avenues of research are investigating genetic and environmental
overlap between autistic traits and other conditions such as tic disorder and devel-
opmental coordination disorder (Lichtenstein et al., 2010). Psychopathic tendencies
have been shown to share modest genetic overlap with autistic traits in a twin
sample in middle childhood (Jones et al., 2009), and clumsiness was reported to
show genetic overlap with autistic traits in an Italian twin sample (Moruzzi, Ogliari,
Ronald, Happé, & Battaglia, 2011).
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Degree of Genetic and Environmental Overlap Between
Different Autistic Symptoms

ASDs are characterized by a triad of symptoms in the domains of social impair-
ments, communication impairments, and restrictive repetitive behaviors and inter-
ests (RRBIs). Several groups of researchers have suggested that autism is best
understood as a disorder of “multiple deficits” (Bishop, 1989; Goodman, 1989;
Happé, Ronald, & Plomin, 2006; Mandy & Skuse, 2008; Wing & Wing, 1971),
while other researchers argue that autistic symptoms together represent a single
underlying dimension (e.g., Constantino et al., 2004). Understanding which of these
models is most accurate has many implications, for example, for how best to define
ASD subtypes, for understanding familial risk, and for designing management and
treatment options.

It is notable that the autism phenotype “splinters” among family members who
share proportions of the proband’s genetic makeup. That is, relatives often show
mild versions of just part of the autism phenotype, for example, social impairments,
without communication difficulties, or RRBIs. Thus family studies suggest that dif-
ferent causative factors influence the three components (e.g., Bolton et al., 1994).
While the majority of factor analytic studies support the notion of two, three, or
more dimensions underlying autistic symptoms (see reviews by Happé & Ronald,
2008; Mandy & Skuse, 2008), a minority of studies report a single dimension
underlying autistic symptoms (for example, Constantino et al., 2004).

Four twin studies from a large general population twin sample have reported that
the three sets of autistic symptoms are all highly heritable individually but are
caused by largely different sets of genetic influences, when assessed in the general
population in middle and late childhood, both dimensionally (Robinson et al., 2011;
Ronald et al., 2005; Ronald, Happé, Bolton, et al., 2006) and at the impaired 5 %
extreme (Robinson et al., 2011; Ronald, Happé, Price, et al., 2006). The genetic
correlations were all modest to moderate in these studies (Robinson et al., 2011;
Ronald et al., 2005; Ronald, Happé, Bolton, et al., 2006; Ronald, Happé, Price,
et al., 2006). This finding has been replicated across two other samples (Edelson,
Ronald, & Saudino, 2009; Ronald, Larsson, Anckarsiter, & Lichtenstein, 2011).
Using a sample of twins with ASD who had been diagnosed using a parent inter-
view, a similar modest degree of genetic overlap between the different ASD symp-
toms has been reported (Dworzynski, Happé, Bolton, & Ronald, 2009). In another
study of twins diagnosed with ASD, social dysfunction and nonverbal communica-
tion symptoms were reported to show a modest degree of common genetic influ-
ences (Mazefsky, Goin-Kochel, Riley, & Maes, 2008). The comparison of symptom
profiles within MZ pairs who are concordant for ASD is another potentially infor-
mative approach. However, the two studies of this kind so far have presented con-
tradictory findings, and the small sample sizes mean that statistical comparisons
between twin similarity estimates were limited (Kolevzon, Smith, Schmeidler,
Buxbaum, & Silverman, 2004; Le Couteur et al., 1996).
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The implication of these multivariate twin studies of autism symptoms and
autistic traits is that the autism “triad,” that is, the three core sets of symptoms that
defined ASD in the DSM IV, may be on average largely fractionable, and causal
explanations should be sought for each symptom group separately, rather than for
autism as a whole (Happé et al., 2006; Happé & Ronald, 2008). Molecular genetic
research has begun to explore the possibility of symptom-specific genetic influences
in autism using candidate gene studies, linkage, and genome-wide association
(Alarcén et al., 2008; Brune et al., 2006; Ronald, Butcher, et al., 2010). Studying
subphenotypes, or endophenotypes that are relevant to autism, may aid the identifi-
cation of genes associated with specific heritable facets of the condition.

Assumptions of the Twin Design for Studying
Autism and Autistic Traits

Generalizability of Twin Studies for Studying Autism and Autistic Traits. Some stud-
ies have suggested that the process of twinning may be a risk factor for the develop-
ment of autism (Betancur, Leboyer, & Gillberg, 2002; Greenberg, Hodge, Sowinski,
& Nicoll, 2001; but see Visscher, 2002). However, large population-based studies
do not support these findings (Croen, Grether, & Selvin, 2002; Hallmayer et al.,
2002; Hultman, Sparen, & Cnattingius, 2002). While a recent study that compared
autistic traits across singleton and twin samples reported no major effect of twin-
ning on autistic traits (Curran et al., 2011), one earlier study reported evidence that
male twins may show slightly more autistic traits compared to male singletons (Ho,
Todd, & Constantino, 2005). When singletons and twins come from two different
samples, the two samples are not necessarily matched for age, IQ, or social eco-
nomic status. In a twin family study that also included the siblings of the twin pairs,
which has the advantage that it controls for possible confounding effects of social
economic status or parental education, mean self-reported autistic trait scores were
found to be similar in twins and non-twin siblings (Hoekstra, Bartels, Verweij, et al.,
2007). In another study, there were no significant twin-sibling mean differences on
measures of social impairments or RRBISs for teacher- or parent-rated data in 7-year-
olds, with the exception of parent ratings of DZ twins, who showed significantly
higher social impairments (Ronald, 2006). As such, three out of four of these stud-
ies suggested, for the most part, that level of autistic traits is unrelated to being born
a twin or singleton.

Assortative Mating. The classical twin design assumes random partner selection,
i.e., that partners do not actively or passively select each other based on their pheno-
type. Positive assortative mating (a positive correlation between partners’ pheno-
types) leads to a greater resemblance in DZ twins and non-twin siblings, while MZ
resemblance remains unaltered, resulting in attenuated heritability estimates. Five
studies to date have examined assortative mating for autistic traits in the general
population or in clinical samples, with contrasting results. Constantino and Todd
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(2005) found a spousal correlation of 0.38 for autistic traits as measured using the
SRS in the general population. Two subsequent studies using the SRS in parents of
a child with autism found spousal correlations of respectively 0.26 (Virkud, Todd,
Abbacchi, Zhang, & Constantino, 2009) and 0.34 (Schwichtenberg, Young, Sigman,
Hutman, & Ozonoff, 2010). In contrast, Hoekstra, Bartels, Verweij, et al., 2007 and
Pollmann, Finkenauer, and Begeer (2010) found near-zero partner correlations in
general population samples using the full-scale AQ and the AQ-short. The latter two
studies relied on self-report, while the studies using the SRS asked spouses to rate
each other’s autistic traits. Shared beliefs or perceptions about the couple’s relation-
ship may have inflated the spousal correlation in these studies. In contrast to the lack
of resemblance on the AQ-short (r=0.03), Pollmann et al. (2010) did find signifi-
cant spousal correlations for relationship satisfaction (r=0.32), relationship inti-
macy (r=0.28), and partner trust (r=0.21), strengthening the idea that the studies
using spousal report may have mainly picked up shared beliefs about the relation-
ship quality, rather than resemblance for autistic traits per se. An alternative expla-
nation for these conflicting findings would be that self-report assessment of autistic
traits as employed by Hoekstra, Bartels, Verweij, et al., 2007 and Pollmann et al.
(2010) may underestimate assortative mating. Various twin registers around the
world have now started to include data on siblings, spouses, and children of twins,
so that many more family relationships can be modeled in the future. In the so-
called extended twin family designs (see, e.g., Eaves, 2009; Maes et al., 2009), it
will be possible to test directly the possible effects of assortative mating.

Conclusions and Future Directions

Our understanding of the causes of autism, broader ASD, and autistic traits mea-
sured on quantitative scales is continually evolving through new discoveries, and it
is argued that twin studies have added considerably to this research field. This litera-
ture provides new evidence regarding the dimensional nature of autistic behaviors;
why ASD and autistic traits co-occur with intellectual disability, language delay,
and other psychiatric disorders; and etiological heterogeneity of autistic symptoms.
Although more research is needed in this area, the findings reviewed here have pro-
vided specific and testable hypotheses for molecular genetic autism research.
Example hypotheses include that a substantial proportion of genetic risk factors
associated with ADHD will also be associated with risk for ASD, that different
genetic causal pathways will be associated with different types of autistic symp-
toms, and that the common genetic variants influencing the risk for autism are likely
to be substantially distinct from the genetic causes of intellectual disability.
Despite the considerable impact of twin studies on our understanding of the eti-
ology of ASD and autistic traits, further research is needed to settle existing contra-
dictory findings and to address so far unresearched questions. For example, twin
studies of psychiatric comorbidity could explore the degree to which genes and
environment explain co-occurrence of other so far neglected comorbid symptoms
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and conditions such as conduct problems, sleep problems, antisocial behavior,
psychotic experiences, and depression. It would also be intriguing to explore the
etiological architecture underlying RRBIs, which may comprise several different
behavioral subdomains. Further work could teach us more about developmental
change and continuity in genetic and environmental influences on ASD and autistic
traits, particularly in early childhood, for which there are only two cross-sectional
twin studies of autistic traits to date (Edelson & Saudino, 2009; Stilp et al., 2010),
and adulthood, for which only one twin study has been published (Lundstrom et al.,
2011). One longitudinal analysis, albeit with limited power due to a small sample
(95 male twin pairs), suggests that change over time in autistic traits from early
childhood to adolescence is explained by mostly genetic, and to a lesser extent,
nonshared environmental influences (Constantino et al., 2009).

The types of measures used to assess features of autism need to be further devel-
oped. Age-appropriate measures that reliably capture autistic traits at different time
points in life are necessary to conduct reliable longitudinal analyses. Moreover, the
comparability of measures of dimensional autistic traits with measures used in clini-
cal samples is an important consideration. The field awaits with interest the results
of further twin studies of ASD using the ADOS and ADI-R clinical measures. Novel
approaches to measurement were employed in a study that related autistic traits to
lab measures of orientation and engagement in 2-year-olds (Edelson & Saudino,
2009) and two studies of older children that have employed cognitive assessments
in theory of mind (Ronald, Viding, Happé, & Plomin, 2006) and emotion attribution
(Jones et al., 2009) in relation to autistic traits. Further studies including cognitive
phenotypes related to autism are needed to examine the association between spe-
cific cognitive abilities and autistic traits. Such studies will also be instrumental in
integrating psychological and biological explanations of autism. Moreover, studies
focusing on special abilities (Vital, Ronald, Wallace, & Happé, 2009) can teach us
more about some of the superior characteristics associated with the autism
phenotype.
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