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Abstract Attention-deficit/hyperactivity disorder (ADHD)
and autism spectrum disorders (ASDs) frequently co-occur.
However, due to previous exclusionary diagnostic criteria,
little is known about the underlying causes of this covariation.
Twin studies assessing ADHD symptoms and autistic-like
traits (ALTs) suggest substantial genetic overlap, but have
largely failed to take into account the genetic heterogeneity
of symptom subscales. This study aimed to clarify the pheno-
typic and genetic relations between ADHD and ASD by
distinguishing between symptom subscales that characterise
the two disorders. Moreover, we aimed to investigate whether
ADHD-related cognitive impairments show a relationship
with ALT symptom subscales; and whether potential shared
cognitive impairments underlie the genetic risk shared be-
tween the ADHD and ALT symptoms. Multivariate structural
equation modelling was conducted on a population-based
sample of 1312 twins aged 7–10. Social-communicationALTs
correlated moderately with both ADHD symptom domains
(phenotypic correlations around 0.30) and showed substantial
genetic overlap with both inattention and hyperactivity-
impulsivity (genetic correlation=0.52 and 0.44, respectively).
In addition to previously reported associations with ADHD

traits, reaction time variability (RTV) showed significant phe-
notypic (0.18) and genetic (0.32) association with social-
communication ALTs. RTV captured a significant proportion
(24 %) of the genetic influences shared between inattention
and social-communication ALTs. Our findings suggest that
social-communication ALTs underlie the previously observed
phenotypic and genetic covariation between ALTs and ADHD
symptoms. RTV is not specific to ADHD symptoms, but is
also associated with social-communication ALTs and can, in
part, contribute to an explanation of the co-occurrence of ASD
and ADHD.

Keywords Attention-deficit/hyperactivitydisorder (ADHD) .

Autism spectrum disorders (ASDs) . Autistic-like traits
(ALTs) . Reaction time variability (RTV) . Genetics

A high co-occurrence of attention-deficit/hyperactivity disor-
der (ADHD) and autism spectrum disorders (ASDs) has been
indicated by previous research (Rommelse et al. 2010;
Simonoff et al. 2008). Despite this, previous diagnostic exclu-
sionary criteria in the Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV-TR; American Psychiatric Asso-
ciation 2000) prohibited a dual diagnosis, although this has
been amended in the most recent diagnostic revision (DSM-5;
American Psychiatric Association 2013). Partly as a result of
the diagnostic exclusionary criteria, little is known about the
underlying causes of the covariation of these disorders
(Ronald et al. 2008).

Both ADHD and autism symptoms can be viewed as con-
tinuously distributed traits (Chen et al. 2008; Dawson et al.
2002; Lubke et al. 2009; Robinson et al. 2011). Consequently,
twin studies have explored shared and specific etiological in-
fluences of quantitative assessments of autistic-like traits
(ALTs) and ADHD symptoms (reviewed by Posthuma and
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Polderman 2013; Ronald and Hoekstra 2011). Analysis of
ratings on a UK population-based twin sample (Twins’ Early
Development Study; TEDS) at age 8 yielded significant phe-
notypic correlations (rPH around 0.50) between ADHD
symptoms and ALTs (Ronald et al. 2008). Substantial com-
mon genetic influences (genetic correlations; rG>0.50) were
found whether assessing co-variation throughout the popula-
tion, at the quantitative extreme, or adopting a categorical
approach (Ronald et al. 2008). These findings were consistent
across genders and informants. A similarly high genetic cor-
relation (rG=0.72) was obtained for self-report symptom rat-
ings in adulthood (Reiersen et al. 2008), and moderate to high
genetic overlap has been reported in a handful of other twin
studies of children and adults (Constantino et al. 2003;
Lundstrom et al. 2011; Taylor et al. 2013). Taken together,
these findings suggest that ALTs and ADHD symptoms are
modestly correlated and share, in part, a common genetic
etiology.

Yet the substantial genetic heterogeneity observed within
the symptom subscales of ASD (Dworzynski et al. 2009;
Robinson et al. 2012; Ronald et al. 2005, 2006a, b, 2011)
and modest genetic overlap of ADHD symptom domains
(Greven et al. 2011; McLoughlin et al. 2007) requires further
detailed analysis. This issue was partly addressed in a sample
of 2-year-old twins that separated ALTs into social and non-
social symptom subscales (Ronald et al. 2010b). Despite the
young age of the sample, the phenotypic and genetic covari-
ation of ADHD symptoms and ALTs was evident, although
slightly lower than observed in the aforementioned studies,
suggestive of a possible developmental increase. Moreover,
both ALT subscales contributed equally to the phenotypic co-
variation and etiological influences shared with ADHD symp-
toms (Ronald et al. 2010b). More recently, two large
population-based Swedish studies of child (Ronald et al.
2014) and adult (Polderman et al. 2014) twins, focusing on
parent- and self-ratings, respectively, both found that repeti-
tive and restricted behavior and interests (versus social-
communication difficulties) were driving the genetic overlap
equally with both inattention and hyperactivity-impulsiv-
ity. A recent report from the UK TEDS sample based
on parental ratings at age 12 reported greatest phenotyp-
ic and genetic overlap between autistic-like communica-
tion difficulties with both ADHD symptom scales, but
also significant overlap between both ADHD symptom
subscales and repetitive and restricted behavior (Taylor
et al. 2015).

Aspects of executive functioning (EF) are compromised in
both disorders, and have been identified as potential shared
endophenotypes (Rommelse et al. 2011). In ADHD, response
inhibition (as measured, for example, with commission errors
(CE) on go/no-go tasks) is commonly impaired (Kuntsi et al.
2010; Willcutt et al. 2005). Although response inhibition def-
icits have also been reported in ASD, the evidence is more

mixed (Happe et al. 2006; Nyden et al. 1999; Raymaekers
et al. 2007). In two studies comparing across ADHD, ASD,
and combined (ADHD+ASD) groups, the combined group
was significantly more impaired on response inhibition, com-
pared to the ASD-only group (Buhler et al. 2011; Sinzig et al.
2008).

Another candidate for a shared cognitive impairment be-
tween ADHD and ASD is reaction time variability (RTV),
thought to reflect attentional lapses. In ADHD research RTV
has emerged as one of the s t ronges t cogn i t ive
endophenotypes, indexing a substantial proportion of the ge-
netic influences on the disorder (Kuntsi and Klein 2012).
Comparisons between ADHD and ASD on RTV have to date
produced a mixed set of findings, however, with reports of
increased RTV in ADHD only (Johnson et al. 2007),
in ASD only (Geurts et al. 2008), in both (Nyden
et al. 2010) or neither disorder (Geurts et al. 2004;
Raymaekers et al. 2007). More recently, when compar-
ing children from single and comorbid diagnosis groups,
increased RTV was exhibited in groups with ADHD
symptoms (ADHD-only and ADHD+ASD group) versus
groups with no ADHD symptoms (ASD-only and
controls) (Tye et al. 2014).

In previous research on ADHD we have shown the etio-
logical separation of RTV and CE (Kuntsi et al. 2010, 2014)
and further showed in a population twin sample that these two
cognitive impairments display partially distinct phenotypic
and genetic relationships to the two ADHD symptom domains
(Kuntsi et al. 2014). We found a strong genetic overlap be-
tween RTV and particularly inattention. CE showed less dif-
ferentiation between the ADHD symptom domains, although
the genetic correlations were overall low. Given these findings
and the genetic heterogeneity of ALTs (Dworzynski et al.
2009; Robinson et al. 2012; Ronald et al. 2005, 2006a, b,
2011), we extended the previous model with an aim to inves-
tigate if the phenotypic and genetic covariation between
ADHD symptoms and ALTS are driven by specific symptom
subscales, and if cognitive impairments (CE and RTV)
represent unique etiological pathways for ADHD symp-
toms or are shared with ALTs, and similarly show dif-
ferent patterns of co-occurrence across ALT subscales.
Using a population-based twin sample our study aimed,
specifically, to investigate: (1) to what extent are social-
communication and non-social ALTs phenotypically and
genetically associated with the two ADHD symptom
domains of inattention and hyperactivity-impulsivity in
childhood; (2) to what extent are social-communication
and non-social ALTs phenotypically and genetically as-
sociated with RTV and CE; and (3) for any significant
genetic correlations that emerge in (2), to estimate the
extent to which this shared cognitive impairment under-
lies the genetic risk shared between ADHD symptoms
and ALTs.
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Methods

Sample and Procedure

Participants were from the Study of Activity and Impulsivity
Levels in children (SAIL). Sampling methods and data collec-
tion procedures are described in detail elsewhere (Kuntsi et al.
2006). The parents of all participating children provided in-
formed consent, with ethical approval obtained from the Re-
search Ethics Committee of the Institute of Psychiatry, King’s
College London, UK. The final sample consisted of 1312
children: 255 identical (monozygotic; MZ) twin pairs, 184
same-sex non-identical (dizygotic; DZ) twin pairs, and 206
opposite-sex DZ twin pairs, and 22 singletons coming from
pairs with one of the twins excluded.

Twin zygosity was determined using a parental-report
questionnaire with 95 % accuracy, later verified using DNA
(Price et al. 2000). The mean age of participating children was
8.83 years (SD=0.67), with a similar proportion of boys
(49.5 %) and girls. Children’s IQs ranged from 70 to 158
(mean=109.34, SD=14.72).

Measures

Rating Scales Parents and teachers were asked to complete
the Long Versions of Conners’ Parent and Teacher Rating
Scales (Conners et al. 1998a, b). From both scales, we used
the nine-item inattention and nine-item hyperactivity-impul-
sivity DSM-IVADHD symptom subscales. Inter-rater agree-
ment for parent and teacher ratings was moderate for both
inattention (r=0.45, p<0.001) and hyperactivity-impulsivity
(r=0.40, p<0.001). Parent and teacher ratings on correspond-
ing subscales were summed to obtain a composite measure, in
order to enable comparison to our previous analyses (Kuntsi
et al. 2014) and to capture a more stable, reliable and situa-
tionally pervasive measure of problem behaviors. An overall
inattention and hyperactive-impulsive subscale score was
available for 1159 SAIL participants.

Autistic-like traits (ALTs) were rated by parents and
teachers when children were aged seven via postal question-
naire. ALT parental and teacher ratings were collected, on
average, respectively 18 and 15 months earlier than ADHD
ratings and cognitive testing. The questionnaire was com-
prised mainly of behaviors that would be observed in the
general population, so items relating to rare behaviors were
not included (Ronald et al. 2005). The majority of items
(Table 1) were derived from DSM-IV autism criteria, and di-
vided according to the criteria as measures of social-
communication and non-social ALTs (Ronald et al. 2005,
2010a). The 10 items in the social-communication subscale
assess peer interactions, social insight, nonverbal behaviors,
and unusual communication style. The six items in the non-
social subscale assess obsessive and repetitive behaviors,

detail-focused behaviors and restricted interests. Inter-rater
correlations were modest, but significant (p<0.001), for both
social-communication (r=0.20) and non-social (r=0.17)
autistic-like subscales. However, correlations between the
composite scores and individual informant scores (e.g., parent
ratings for social-communication ALTs and composite social-
communication ALTs) were significant and high (0.72–0.82).

ALT ratings were not obtained for all TEDS cohorts, and
were subsequently missing for a proportion of SAIL partici-
pants. Parent and teacher ratings were summed providing an
overall social-communication and non-social subscale score,
respectively, for 959 and 961 SAIL participants. Participants
with incomplete data were included, as Mx handles missing
data by using rawmaximum likelihood estimation to calculate
a likelihood statistic for each observation based on the ob-
served variance/covariance.

Wechsler Intelligence Scales for Children, Third Edition
(WISC-III) (Wechsler 1991). The vocabulary, similarities,
picture completion and block design subtests from the
WISC-III were used to obtain an estimate of the child’s IQ
(prorated; see Sattler 1992 for description of procedures).

The Go/No-Go Task (Borger and van der Meere 2000;
Kuntsi et al. 2005; van der Meere et al. 1995). On each trial,
one of two possible stimuli appeared for 300 ms in the middle
of the computer screen. The child was instructed to respond
only to the go stimuli and to react as quickly as possible, but to
maintain a high level of accuracy. The proportion of go stimuli
to no-go stimuli was 4:1. The participants performed the task

Table 1 Items used to measure autistic-like traits by social-
communication and non-social autistic-like trait subscales

Social-communication autistic-like trait subscale

Has unusual eye gaze, facial expression or gestures

Considerate of other people’s feelings (reversed)

Rather solitary or tends to play alone

Has odd style of communication; old-fashioned, formal or pedantic

Generally liked by other children (reversed)

Can take hints and keep secrets, can be discreet (reversed)

Often says things that are embarrassing for others, without realising

Gets on better with adults than with other children

Is afraid of social situations

Has at least one good friend (reversed)

Non-social autistic-like trait subscale

Is extremely distressed by changes to routine or familial arrangements

Notices small details others might miss

Insists on doing something over and over so that it interferes with day
to day life

Tends to check that some things are done exactly ‘right’

Fussy or over particular

Has a strong interest in an unusual topic
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under three conditions (slow, fast and incentive), matched for
length of time on task. Herein we present data from the slow
condition, which had an inter-stimulus interval of 8 s and
consisting of 72 trials, and the fast condition, with an inter-
stimulus interval of 1 s and consisting of 462 trials. The order
of presentation of the slow and fast conditions varied random-
ly across participants. We focus here on three variables obtain-
ed for the task: mean reaction time (MRT), reaction time var-
iability (RTV, standard deviation of RTs) and commission er-
rors (CE).

The Fast Task (Andreou et al. 2007; Kuntsi et al. 2005,
2006). The baseline condition, with a foreperiod of 8 s and
consisting of 72 trials, followed a standard warned four-choice
RT task. Four empty circles (warning signals, arranged side-
by-side) first appeared for 8 s, after which one of them (the
target) was coloured in. Participants were asked to press the
response key that directly corresponded in position to the lo-
cation of the target stimulus. Following a response, the stimuli
disappeared from the screen and a fixed inter-trial interval of
2.5 s followed. Speed and accuracy were emphasised equally.
If the child did not respond within 10s, the trial terminated. A
comparison condition with a fast event rate (1 s) and incen-
tives followed the baseline condition (Andreou et al. 2007).
Herein we focus onMRTand RTV, obtained from the baseline
condition, which measures RT performance under an unre-
warded, slow condition.

Selection of Cognitive Variables for Analyses To limit the
total number of variables and to enable a comparison to our
previous analyses (Kuntsi et al. 2010, 2014) summed scores
were obtained across two tasks or conditions as follows: un-
standardized RTV across fast task baseline condition and go/
no-go task slow condition; and percentage of CE across go/
no-go task slow and fast conditions. Our previous research has
shown that combining cognitive phenotypes that are theoret-
ically related (such as derived from similar tasks) creates psy-
chometrically robust variables by improving measurement re-
liability (Kuntsi et al. 2006). Moreover, we have previously
shown in a clinical ADHD sibling-pair sample that combining
RTVacross these tasks and CE across these conditions capture
two familial cognitive impairment factors in ADHD, and that
the cross-task and cross-condition measures used to generate
the composite measures in this sample largely capture (rF=
0.75 and 0.73) the same familial etiology (Kuntsi et al. 2010).

Summed variables were regressed to correct for the effects
of age and sex (a standard twin modelling procedure) and the
residuals used in analysis. Cognitive variables were further
regressed for IQ. Although our previous analyses indicated
that the majority of genetic influences shared between ADHD
and cognitive variables were independent of those shared with
IQ (Wood et al. 2010, 2011), regressing for IQ ensured we
controlled for any small mediating effects of IQ that were not

the focus of present analyses, consistent with our previously
adopted approach (Kuntsi et al. 2010, 2014).

Statistical Analyses

Overview of the Twin Method Biometrical genetic model-
ling is based on three assumptions: (1) MZ twins share 100 %
of their segregating alleles and DZ twins share on average
50 % of additive genetic (A) influences, but only 25 % of
non-additive genetic influences (D); (2) for twin pairs reared
together, the covariance of both members of MZ and DZ twin
pairs will be due to perfectly correlated shared environmental
(C) influences; and (3) individual-specific environmental fac-
tors (E; which subsume any measurement error) do not con-
tribute to the similarity between twin pairs. From this we can
derive the following within-pair twin correlation expectations:
(1) additive genetic influences (A) will double the MZ twin-
pair correlation in relation to the DZ twin-pair correlation; (2)
non-additive genetic influences (D) will more than double the
MZ twin-pair correlation in relation to the DZ twin-pair cor-
relation; (3) shared environmental effects (C) will increase
within-pair MZ and DZ correlations to the same extent,
reflected by DZ correlations that are more than half of MZ
correlations; and (4) non-shared environment (E) will de-
crease both MZ and DZ correlations, most commonly identi-
fied in MZ correlations that are less than 1. These predictions
are used to estimate the components from observed dif-
ferences in MZ and DZ correlations. In multivariate
genetic analyses, as well as partitioning the phenotypic
variance of single traits, the covariance between traits is
decomposed into A, C/D and E influences following
exactly the same logic as above and using the ratio of
MZ:DZ differences in cross-twin cross-trait (e.g., inat-
tention ratings in twin 1 with RTV scores in twin 2)
correlations (Rijsdijk and Sham 2002).

Genetic Structural Equation Models With the exception of
CE (skew: −0.12), all residual summed scores were positively
skewed (1.06 to 1.92) and were transformed to approximate a
normal distribution (using the optimised minimal skew com-
mand in STATA version 9; Stata 2007). Genetic structural
equation modelling was conducted in the program Mx (Neale
et al. 2006).

Saturated Phenotypic Model Before genetic modelling, to
obtain twin correlations, to test assumptions of the genetic
method (i.e., equality of means and variances across twins
and zygosity groups) and to provide a baseline comparison
for subsequent genetic models, a saturated model was fitted
that fully describes the data using the maximum number of
free parameters, modelling the observed means and variances
without dissecting variance or covariance into etiological
components.
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Parameter Select ion for Mult ivariate Genetic
Analyses Univariate genetic analyses (not presented) showed
an ACE model to provide the best fit for cognitive measures,
while an ADE model (with scalar sex differences) fitted the
subscale ratings best. However, to deal with limited power to
distinguish between A and D effects and to accommodate
finding the overall (broad-sense) genetic overlap (G) between
all traits, we fitted an AE model for subscale ratings and an
ACE model for cognitive measures. This multivariate model
included a scaling factor to account for male and female var-
iance differences. No other quantitative and qualitative sex
differences in genetic parameters were indicated.

Correlated Factor Solution of the Full Cholesky Decom-
positionModel (Fig. 1) The main multivariate genetic model
used is descriptive and applies a triangular decomposition for
each modelled etiological factor. The solution is then convert-
ed to the mathematical equivalent correlated factors model
(Loehlin 1996), in which the order of traits is arbitrary. The
mathematical solution describes the degree of overlapping
etiological factors between two traits, with etiological correla-
tions that vary from 0 (indicative of no overlap) to 1 (reflecting
complete overlap), as well as standardized components for
each variable (Fig. 1).

Cholesky Decomposition Model (Fig. 2) In the Cholesky, a
triangular decomposition is used, to decompose the variance
in each phenotype and covariance between the phenotypes
into A, D/C and E influences. The ordering of the traits in the
Choleskymodel was decided a priori: to ascertain howmuch of
the etiological overlap between ADHD and ALT symptom
subscales were shared with cognitive measures. As such, for
these analyses we present the triangular (Cholesky) decompo-
sition with a reduced number of variables and cognitive impair-
ment assigned as the first measured variable (Fig. 2).

Results

Given the variance differences between the genders, means
and standard deviations are presented separately for males
and females (Table 2).

The focus of this paper is on the covariance of social-
communication and non-social ALTs each with ADHD symp-
tom subscales and cognitive variables. Accordingly, in Table 3
we present maximum likelihood cross-twin cross-trait corre-
lations for the ALT subscales separately with each of the re-
maining variables. Similarly in Table 4, we present parameter
estimates for the specific relationships of social-
communication and non-social ALTs with behavioural
ADHD and cognitive variables (for all parameter estimates
between all the variables, see Fig. 1).

Social-Communication andNon-Social ALTsWith the two
ADHD Symptom Domains of Inattention
and Hyperactivity-Impulsivity

Social-communications ALTs correlated moderately and
equally with both inattention (rPH=0.33; 95 % confidence
intervals (CI) 0.26–0.39) and hyperactivity-impulsivity
(rPH=0.31; 0.24–0.37). In contrast, the correlation between
non-social ALTs and hyperactivity-impulsivity was signifi-
cantly (non-overlapping CI) lower (rPH=0.11; 0.04–0.18)
and did not reach significance with inattention. The phenotyp-
ic covariance between social-communication ALTs and inat-
tention was predominantly accounted for by shared broad-
sense genetic effects (96 %). Although the proportion of the
phenotypic covariance between social-communication ALTs
and hyperactivity-impulsivity, and non-social ALTs and either
ADHD behavioral dimension, could not be quantified (etio-
logical correlations had both positive and negative values),
visual inspection of raw estimates (Table 4) suggested that
the majority of the phenotypic correlations were due to shared
genetic influences.

The broad-sense genetic correlations for social-
communication ALTs were substantial (Table 4) and showed
little differentiation (overlapping CI) with either ADHD
symptom domain (inattention (rG=0.52) and hyperactivity-
impulsivity (rG=0.44)). The genetic correlation between
non-social ALTs and hyperactivity-impulsivity was signifi-
cantly lower (rG=0.20). The broad-sense genetic correlation
between non-social ALTs and inattention was low and non-
significant.

Social-Communication and Non-Social ALTs With RTV
and CE

Social-communications ALTs were significantly correlated
with RTV (rPH=0.18), with broad-sense genetic effects ac-
counting for the vast majority (87 %) of the phenotypic co-
variation (Table 4). The broad-sense genetic correlation be-
tween RTV and social-communication ALTs was moderate
(rG=0.32). Non-social ALTs showed a small but significant
negative correlation with CE (rPH=−0.09). There were no
significant correlations seen between RTV and non-social
ALTs, or between CE and social-communications ALTs
(Table 4).

Cholesky Decomposition: Social-communication ALTs,
Inattention and RTV

In the full correlated factors solution (Fig. 1), inattention and
social-communication ALTs showed strong overlapping
broad-sense genetic effects (rG=0.52) and RTV displayed
substantial shared broad-sense genetic influences with both
inattention (rG=0.40) and social-communication ALTs
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(rG=0.32). Based on these multivariate findings, we selected
social communication ALTs, inattention and RTV for further
investigation of their interrelationships. Therefore we selected
to test in the Cholesky decomposition (Fig. 2), how much of
the broad-sense genetic effects shared between inattention and
social-communication ALTs were also shared with RTV. This
was tested using a reduced three-factor Cholesky decomposi-
tion, with RTVassigned as the first variable, and estimated by
summing the product of Cholesky genetic paths that are
shared with RTVand taking them as a percentage of the total
genetic covariance between inattention and social-
communication ALTs. We also estimated how much of the
covariance between social-communication ALTs and inatten-
tion was shared with individual-specific environmental risk
factors shared with RTV. (Common environment (C) did not
contribute to the covariation between RTVand either inatten-
tion or social-communication ALTs and so is not included in
the model.)

Using the parameter estimates from the Cholesky decompo-
sition, we estimated that 24 % of the broad-sense genetic co-
variance between inattention and social-communication ALTs
was shared with genetic effects underlying RTV: ((0.77*0.77) /

(0.77*0.77)+(1.82*1.03)=0.59 / (0.59+1.87)=0.59/2.47=
0.24). In a similar vein, 57 % of the individual-specific envi-
ronmental covariance between social-communication ALTs
and inattention was shared with RTV.

Discussion

An investigation of the individual ADHD and ALT symptom
domains indicated, first, that the phenotypic and genetic over-
lap betweenADHD symptoms and ALTs in this study is large-
ly driven by social-communication ALTs, equally with both
inattention and hyperactivity-impulsivity. Second, social-
communication ALTs were phenotypically and genetically
correlated with RTV, consistent with the view that increased
RTV is not specific to ADHD symptoms (or, specifically, in-
attention symptoms). Third, RTV captured a significant pro-
portion (24 %) of the genetic influences shared between inat-
tention and social-communication ALTs.

Our study suggests that the previously observed phenotyp-
ic and genetic association between ADHD and ASD is pre-
dominantly driven by social-communication ALTs.

Fig. 1 Correlated factor solution of the full ACE Cholesky
Decomposition. Note: Significant parameters are indicated with solid
lines; non-significant parameters in dotted lines; Abbreviations: HYP-
IMP Hyperactivity-impulsivity, INATT inattention, ALT-SOC social-
communication autistic-like trait subscale, ALT-NON non-social

autistic-like trait subscale, RTV reaction time variability, CE
commission errors, G broad-sense genetic influences, C shared
environmental influences, E individual-specific environmental
influences; Model presented for one twin only for ease of presentation
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Furthermore, inattention and hyperactivity-impulsivity are
similarly associated with social-communication ALTs. The
findings indicate that the phenotypic and genetic covariation
between the symptoms of these two disorders is partially
symptom-specific, driven by social-communication ALTs
equally with both ADHD symptom subscales. This pattern
of findings is partially in line with the Generalist Genes hy-
pothesis, that the same set of genetic risk factors will influence
symptom subscales across disorders: in our study, a set of
generalist genes were influencing inattention, hyperactivity-
impulsivity and social-communication ALTs. In addition, this
pattern of findings is consistent with the greater genetic het-
erogeneity across ALTs (Dworzynski et al. 2009; Robinson

et al. 2012; Ronald et al. 2005, 2006a, b, 2011), than across
ADHD symptom dimensions (Greven et al. 2011;
McLoughlin et al. 2007).

Of the previous twin studies on subscales of ADHD and
ALT, two reported strongest overlap between repetitive and
restricted behavior and interests and ADHD traits (Polderman
et al. 2014; Ronald et al. 2014), in contrast to our results which
showed strongest associations with social-communication
ALTs. It is unclear why these larger studies, one on children
and one on adults, reported a different pattern of results to
those seen here. A third recent study of the TEDS sample
reported that communication ALTs were most strongly linked
with both ADHD traits, which is more similar to our findings
(Taylor et al. 2015), although their social ALT scale showed
low overlap with ADHD traits). It is important to note that our
sample is a subset of TEDS, and so these findings are not fully
independent, although Taylor’s study used assessments ob-
tained at age 12 from the Childhood Autism Spectrum Test
(Scott et al. 2002). An important direction of future research is
to clarify the source of the discrepant findings.

Our findings on cognitive markers are in line with the pre-
vious studies that have found that increased RTV is not spe-
cific to ADHD, but is also observed in ASD (Nyden et al.
2010). Our findings now extend these observations by indi-
cating that the association between RTVand ASD is driven by
social-communication ALTs, and by showing that genetic in-
fluences explain the majority (87 %) of this association.More-
over, a notable proportion (24 %) of the genetic effects shared
between inattention and social-communication ALTs could be
accounted for by RTV. This suggests that a modest set of
shared genetic risk factors contribute to RTV, inattention and
social-communication ALTs. The second cognitive marker
that we investigated – response inhibition (CE) – did not
emerge as meaningfully associated to ALTs, as the only phe-
notypic or etiological correlation that emerged as significant
was a low, negative phenotypic correlation with non-social
ALTs (rPH=−0.09). The previous findings on response inhi-
bition in ASD groups have been mixed (Buhler et al. 2011;

Fig. 2 Broad-sense genetic and individual-specific environmental
parameter estimates from the reduced three-variable Cholesky model.
Note: unstandardised parameter estimates; significant parameters are
indicated with solid lines and non-significant parameters with dotted
lines; Abbreviations: RTV reaction time variability, INATT inattention,
ALT-SOC social-communication autistic-like traits, G broad-sense
genetic influences, E individual-specific environmental influences;
Model presented for one twin only for ease of presentation and for the
etiological factors that contributed to covariation between all traits (i.e., G
and E)

Table 2 Means and standard deviations for behavioral ratings and cognitive measures

Hyperactivity-impulsivity a Inattention a Social-communication ALTS a Non-social ALTs a RTV b CE c

(n=1159 (88 %)) (n=1159 (88 %)) (n=959 (73 %)) (n=961 (73 %)) (n=1247 (95 %)) (n=1290 (98 %))

MZM 11.06 (8.61) 12.70 (8.95) 6.01 (3.57) 5.86 (3.15) 619.06 (350.81) 116.52 (34.29)

MZF 6.74 (5.89) 7.79 (6.51) 4.53 (2.99) 5.58 (2.44) 629.94 (364.15) 96.42 (31.47)

DZM 11.53 (9.64) 14.25 (11.14) 6.20 (3.79) 6.57 (3.30) 631.01 (376.52) 115.59 (32.90)

DZF 7.31 (6.49) 9.06 (7.88) 5.08 (3.29) 5.80 (2.80) 628.04 (359.12) 95.61 (33.14)

n number of observations, MZM monozygotic male, MZF monozygotic female, DZM dizygotic male, DZF dizygotic female, ALTs autistic-like traits,
RTV, reaction time variability, CE commission errors
a Sum of parent and teacher ratings
b Sum of unstandardised data scores across fast task baseline and go/no-go slow conditions
c Sum of percentages of CE across go/no-go slow and fast conditions; MZ data in bold typeface, DZ data in italic typeface
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Happe et al. 2006; Nyden et al. 1999; Raymaekers et al.
2007; Sinzig et al. 2008). The present study adds to this
evidence by showing that response inhibition does not
account for the overlap between ADHD and ALT
symptoms.

The genetic overlap of RTV with symptom subscales
across both ADHD and ALTs (specifically inattention and
social-communication ALTs) suggest that RTV can be consid-
ered a trans-diagnostic cognitive endophenotypes. The highly
heterogeneous clinical presentation, genetically complex

Table 3 Maximum-likelihood
cross-twin cross-trait correlations
(constrained correlated model) for
social-communication and non-
social ALTs between ADHD
symptoms and cognitive
measures

Cross-trait correlations

Cross-twin (MZ) Cross-twin (DZ)

Hyperactivity-impulsivity with:

Social-communication ALTs 0.31 (0.23/0.37) 0.14 (0.06/0.22)

Non-social ALTs 0.13 (0.05/0.19) 0.08 (−0.002/0.15)
Inattention with:

Social-communication ALTs 0.31 (0.23/0.35) 0.13 (0.04/0.21)

Non-social ALTs −0.01 (−0.09/0.03) 0.06 (−0.02/0.10)
RTV with:

Social-communication ALTs 0.16 (0.08/0.24) 0.03 (−0.05/0.10)
Non-social ALTs 0.01 (−0.10/0.05) 0.01 (−0.07/0.06)

CE with:

Social-communication ALTs 0.01 (−0.07/0.09) −0.01 (−0.08/0.07)
Non-social ALTs −0.05 (−0.13/−0.01) 0.02 (−0.06/0.08)

Due to the lack of quantitative and qualitative sex differences, MZ and DZ correlations are not presented by sex;
95%Confidence Intervals given in parentheses; Significant (p<0.05) estimates in bold typeface; Non-significant
estimates in normal typeface

ALTs autistic-like traits, RTV reaction time variability, CE commission errors, MZ Monozygotic, DZ Dizygotic

Table 4 Etiological and phenotypic correlations (standardised correlated factors solution genetic model) for social-communication and non-social
ALTs between ADHD symptoms and cognitive measures

Etiological correlations Phenotypic correlations Contribution of covariance accounted for by
etiological factors a

rG rE rPH rPH-G rPH-E

Hyperactivity-impulsivity with:

Social-communication ALTs 0.44 (0.33/0.55) −0.03 (−0.17/0.11) 0.31 (0.24/0.37) 0.32* −0.01*
Non-social ALTs 0.20 (0.08/0.32) −0.08 (−0.21/0.07) 0.11 (0.04/0.18) 0.14* −0.03*

Inattention with:

Social-communication ALTs 0.52 (0.39/0.65) 0.03 (−0.12/0.18) 0.33 (0.26/0.39) 0.31 (96 %) 0.01 (4 %)

Non-social ALTs 0.05 (−0.11/0.21) −0.20 (−0.34/−0.05) −0.06 (−0.13/0.01) 0.03* −0.08*
RTV with:

Social-communication ALTs 0.32 (0.15/0.66) 0.06 (−0.07/0.19) 0.18 (0.11/0.25) 0.16 (87 %) 0.02 (13 %)

Non-social ALTs −0.01 (−0.20/0.21) −0.07 (−0.20/0.06) −0.04 (−0.11/0.04) −0.01 (13 %) −0.03 (87 %)

CE with:

Social-communication ALTs 0.12 (−0.35/0.37) 0.04 (−0.09/0.16) 0.03 (−0.05/0.09) 0.04 (71 %) 0.01 (29 %)

Non-social ALTs −0.10 (−0.68/0.15) −0.10 (−0.22/0.03) −0.09 (−0.15/−0.02) −0.04 (42 %) −0.05 (58 %)

95 % Confidence Intervals given in parentheses; Significant (p<0.05) estimates in bold typeface; Non-significant estimates in normal typeface

ALTs autistic-like traits, RTV reaction time variability CE commission errors, rG broad-sense genetic correlation, rE individual-specific environmental
correlation, rPH phenotypic correlation, rPH-G phenotypic covariance due to broad-sense genetic effects, rPH-E phenotypic covariance due to
individual-specific environmental effects

*It was not possible to formally estimate these proportions, due to the presence of both positive and negative etiological correlations between relevant
variables
a The contribution of etiological factors to the phenotypic correlation is given as a raw estimate, and as a percentage in brackets
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nature, and non-optimal phenotypic definition of ADHD and
ASD, likely contribute to the challenges involved in identify-
ing genetic risk markers. One way to overcome these obsta-
cles may be to use endophenotypes as targets for molecular
genetic studies or as a means of subdividing samples into
more homogenous subgroups (Losh et al. 2008; Viding and
Blakemore 2007), potentially across current diagnostic cate-
gories (Levy and Ebstein 2009). However, the main appeal of
endophenotypes is in bridging the gap between etiological
factors and clinical phenotypes by elucidating underlying path-
ophysiological processes (Meyer-Lindenberg 2010). Our pre-
vious findings indicated specific neurocognitive pathways,
with RTV particularly underlying inattentive symptoms
(Kuntsi et al. 2014). The findings in this study suggest that this
gene-behavioral pathway may not be unique, but is a partly
common pathway underlying social-communication ALTs.

Our findings underline that investigating the individual
symptom domains of ADHD and ALTs may clarify the etio-
logical link between these two commonly occurring disorders.
Quantitative genetic studies that identify genetically-related
behavioral traits, even across diagnostic boundaries, can in-
form the selection of additional genetic markers for candidate
gene association studies. In this respect, our findings suggest
that molecular genetic investigations may benefit from exam-
ining putative genetic risk markers for inattention or
hyperactivity-impulsivity for social-communication ALTs,
and vice-versa. The clustering of cross-diagnostic symptom
profiles (see also Ronald et al. 2014) further supports the
change in diagnostic criteria to allow a dual diagnosis of
ADHD and ASD. However, our findings also highlight that
the etiology of disorders does not necessarily follow diagnos-
tic boundaries, and accordingly may give rise to different
ways of conceptualizing disorders.

The findings presented here indicate shared genetic effects
between RTV, inattention and social-communication ALTs,
but cannot clarify whether a causal relationship is involved.
A further limitation of our study was that the behavioral rat-
ings on ADHD and ALT symptoms were not collected simul-
taneously, which will have the effect of dampening the ob-
served phenotypic correlations. Future studies should aim to
replicate our findings. In addition, RTVonly partially accounts
for the covariation of social-communication ALTs and inat-
tention; therefore future studies should extend investigations
to include additional cognitive markers. Finally, although
there is good evidence that both ADHD and ASD represent
extremes of traits that are continuously distributed throughout
the population, studies of clinical samples are required before
these findings can be generalised to clinical populations.

Overall, our findings on the distinction between social-
communication and non-social ALTs in their association with
ADHD symptoms emphasise the importance of analysing
symp tom sub -doma in s in the i nve s t i g a t i on o f
neurodevelopmental disorders. The genetic overlap we

observed across some of the behavioral symptoms, as well
as with the cognitive marker of RTV, is consistent with the
many reports in psychiatric genetics of partly shared genetic
influences across psychiatric phenotypes (Cross-Disorder
Group of the Psychiatric Genomics Consortium 2013); yet
we also observed a degree of specificity. Future research that
incorporates additional levels of analysis, such as neurophys-
iological or other neuroimaging approaches, will likely help to
clarify further the similarities and differences between the
overlapping neurodevelopmental disorders of ADHD and
ASD. The changes in diagnostic practice will allow more re-
search into the co-occurrence of these disorders and contribute
to a greater understanding of their individual and shared
etiology.
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