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Abstract

Both shared and unique genetic risk factors underlie the two symptom domains of attention deficit
hyperactivity disorder (ADHD): inattention and hyperactivity-impulsivity. The developmental
course and relationship to co-occurring disorders differs across the two symptom domains,
highlighting the importance of their partially distinct etiologies. Familial cognitive impairment
factors have been identified in ADHD, but whether they show specificity in relation to the two
ADHD symptom domains remains poorly understood. We aimed to investigate whether different
cognitive impairments are genetically linked to the ADHD symptom domains of inattention versus
hyperactivity-impulsivity. We conducted multivariate genetic model fitting analyses on ADHD
symptom scores and cognitive data, from go/no-go and fast tasks, collected on a population twin
sample of 1312 children aged 7-10. Reaction time variability (RTV) showed substantial genetic
overlap with inattention, as observed in an additive genetic correlation of 0.64, compared to an
additive genetic correlation of 0.31 with hyperactivity-impulsivity. Commission errors (CE)
showed low additive genetic correlations with both hyperactivity-impulsivity and inattention
(genetic correlations of 0.17 and 0.11, respectively). The additive genetic correlation between
RTV and CE was also low and non-significant at —0.10, consistent with the etiological separation
between the two indices of cognitive impairments. Overall, two key cognitive impairments
phenotypically associated with ADHD symptoms, captured by RTV and CE, showed different
genetic relationships to the two ADHD symptom domains. The findings extend a previous model
of two familial cognitive impairment factors in combined subtype ADHD by separating pathways
underlying inattention and hyperactivity-impulsivity symptoms.
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Introduction

Two behavioural symptom domains underlie the current conceptualisation of attention-
deficit/hyperactivity disorder (ADHD): inattention and hyperactivity-impulsivity (APA
2000). Previous twin analyses on ADHD symptom scores indicate that 55-80% of the
genetic influences on inattention also influence hyperactive-impulsivity, with the remaining
genetic influences reflecting those that are unique to each symptom domain (Greven et al.
2011; McLoughlin et al. 2007, 2011; Wood et al. 2009). Despite the substantial shared
genetic component, converging evidence highlights the importance of the partially distinct
etiologies, as the two ADHD domains show differential phenotypic and etiological relations
with co-occurring neurodevelopmental and behavioural problems. For example, reading
difficulties are linked predominantly to inattention (Paloyelis et al. 2010; Willcutt et al.
2007), and oppositional behaviours to hyperactivity-impulsivity (Newcorn et al. 2001;
Wood et al. 2009). Furthermore, hyperactivity-impulsivity decreases relative to inattention
throughout development in both clinical (Biederman et al. 2000; Todd et al. 2008) and
population (Larsson et al. 2006) samples.

The emerging knowledge of the shared and unique etiological influences on the two ADHD
symptom domains raises questions about how this maps onto cognitive impairments,
particularly those that index the familial risk for ADHD. In a recent large-scale investigation
of ADHD and control sibling pairs, we obtained evidence for two familial cognitive
impairment factors in ADHD (Kuntsi et al. 2010). The larger familial factor, accounting for
85% of the familial variance of ADHD, captured 98-100% of the familial influences on
mean reaction time (RT) and reaction time variability (RTV) (Kuntsi et al. 2010). This
factor separated from a second familial factor that captured 62-82% of the familial
influences on omission and commission errors (on a go/no-go task) and accounted for 13%
of the familial variance of ADHD. Drawing on the arousal-attention (Johnson et al. 2007;
O’Connell et al. 2008) and developmental (Halperin and Schulz 2006; Halperin et al. 2008)
models of ADHD, we proposed that the first factor (RT) may represent bottom-up arousal
dysregulation and the second factor (errors) top-down control of sustained attention and
inhibition (Kuntsi et al. 2010). However, this study, based on a clinical sample of probands
with combined subtype ADHD, was unable to examine the specificity that the cognitive
impairment factors may have in relation to inattention and hyperactivity-impulsivity
symptoms considered separately.

Previous comparisons of cognitive performance between the inattentive and combined
subtypes of ADHD have failed to identify clearly distinguishable cognitive profiles (Carr et
al. 2010). Empirical approaches to ADHD subtypes indicate that many inattentive subtype
cases reflect sub-threshold combined type ADHD and should not be treated as a separate
category (Todd et al. 2001). Furthermore, ADHD subtypes are unstable, with many
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combined subtype cases being re-classified as inattentive subtype as they grow older
(Biederman et al. 2000). A more strictly defined pure inattentive subtype was, however,
linked to early attentional problems and inconsistent performance, whereas inhibition
difficulties were observed across ADHD subgroups (Adams et al. 2008; Carr et al. 2010).

The present study applies a multivariate twin model fitting approach on a population twin
sample to investigate inattentive and hyperactive-impulsive symptoms separately. Using the
twin sample, we previously found that associations between ADHD symptoms and the
cognitive impairments of slow and variable RTs and commission errors (CE) (Kuntsi et al.
2009; Wood et al. 2010a) were similar to those observed in a large clinical sample of ADHD
combined subtype cases (Andreou et al. 2007; Kuntsi et al. 2010; Uebel et al. 2010; Wood et
al. 2010b). In both samples we have recently also shown that RTV difference scores, which
capture the ADHD-sensitive improvement in RTV (for example under rewarded conditions
(Andreou et al. 2007; Kuntsi et al. 2009; Uebel et al. 2010)), measure largely the same
etiological process as RTV under baseline condition (Kuntsi et al. 2013), supporting theories
emphasizing the malleability of the observed high RTV.

We now address two new questions. First, using multivariate twin model fitting, we
investigate if there are differential etiological associations between the previously identified
cognitive impairments and the two symptom domains of ADHD considered separately.
Secondly, we examine whether the etiological separation between impaired RT performance
and CE (Kuntsi et al. 2010) is confirmed in a population twin sample.

Sample and Procedure

Participants are members of the Study of Activity and Impulsivity Levels in children
(SAIL), a general population sample of twins aged 7-10 years. They were recruited from the
Twins’ Early Development Study (TEDS (Trouton et al. 2002) a birth cohort study which
invited parents of all twins born in England and Wales during 1994-1996 to enroll. The
TEDS families are representative of the UK population with respect to parental occupation,
education and ethnicity (Oliver and Plomin 2007).

TEDS families were invited to take part if they fulfilled the following SAIL project
inclusion criteria: twins’ birthdates between September 1, 1995, and December 31, 1996;
lived within a feasible travelling distance from the research centre; White European ethnic
origin (to reduce population heterogeneity for molecular genetic studies); recent
participation in TEDS, as indicated by return of questionnaires at either 4- or 7-year data
collection point; no extreme pregnancy, perinatal difficulties, specific medical syndromes,
chromosomal anomalies or epilepsy; not participating in other current TEDS substudies; and
not on stimulant or other neuropsychiatric medications.

Of the 1,230 suitable families contacted, 672 families (55%) agreed to participate. Thirty-
two individual children were subsequently excluded due to: 1Q < 70, epilepsy, obsessive-
compulsive disorder, autism or other neurodevelopmental disorder, illness during testing or
placement on stimulant medication for ADHD. The final sample consisted of 1,312
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individuals: 257 monozygotic (MZ) twin pairs, 181 same-sex dizygotic (DZ) and 206
opposite-sex DZ twin pairs, as well as 24 singletons coming from pairs with one of the twins
excluded. Data for the 24 singleton twins were also used in the structural equation modeling
(Neale et al. 2006a). Participants were invited to our research centre for a cognitive
assessment, where ratings on the Conners’ scale were collected from parents. Teachers’
ratings on the Conners’ scale were obtained through the post. The mean age of the sample
was 8.83 years (SD=0.67), and half of the sample were girls (51%). Children’s 1Qs ranged
from 70 to 158 (mean=109.34, SD=14.72). Parents of all participants gave informed consent
following procedures approved by the Institute of Psychiatry Ethical Committee.

The families visited the research centre for the assessments. Two testers assessed the twins
simultaneously in separate testing rooms. The tasks were administered in a fixed order as
part of a more extensive test session, which in total (including breaks) lasted approximately
2.5h,

Rating Scales—Parents and teachers were asked to complete the Long Versions of
Conners’ Parent and Teacher Rating Scales (Conners et al. 1998a, 1998b). From both scales,
we used the 9-item inattention and 9-item hyperactivity-impulsivity DSM-IV ADHD
symptom subscales, obtaining summed parent and teacher ratings on the corresponding
subscales. Teacher ratings were missing for 151 individuals and parent ratings for two
individuals.

Wechsler Intelligence Scales for Children, Third Edition (WISC-III) (Weschler
1991)—The vocabulary, similarities, picture completion and block design subtests from the
WISC-111 were used to obtain an estimate of the child’s I1Q (prorated following procedures
described by Sattler (Sattler 1992).

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 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 second and consisting of
462 trials. The order of presentation of the slow and fast conditions varied randomly across
participants. The variables obtained from the task are mean RT (MRT), standard deviation
of RTs (RTV), commission errors (CE), and omission errors.

The fast task (Andreou et al. 2007; Kuntsi et al. 2005, 2006)—The baseline
condition, with a fore period of 8 seconds and consisting of 72 trials, followed a standard
warned four-choice RT task (Leth-Steensen et al. 2000). A warning signal (four empty
circles, arranged side by side) first appeared on the screen. At the end of the fore period of 8
s (presentation interval for the warning signal), the circle designated as the target signal for
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that trial was filled (coloured) in. The child was asked to make a compatible choice by
pressing the response key that directly corresponded in position to the location of the target
stimulus. After a response, the stimuli disappeared from the screen and a fixed inter-trial
interval of 2.5 s followed. Speed and accuracy were emphasized equally. If the child did not
respond within 10 s, the trial was terminated. A comparison condition with a fast event rate
(1 s) and incentives followed the baseline condition (Andreou et al. 2007). The variables
obtained from the task are MRT and standard deviation of RTs, herein reported for the
baseline condition.

Selection of Cognitive Variables for Analyses—To limit the total number of
variables, to create psychometrically robust variables (Kuntsi et al. 2006) and to enable a
comparison to our previous findings using the same tasks in a clinically diagnosed sample
(Kuntsi et al. 2010), summed scores were obtained across two tasks or conditions as follows:
unstandardized MRT and 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. Omission
errors on the go/no-go task were rare in this population sample and therefore were not
included, in line with previous analyses on this sample (Kuntsi et al. 2006, 2009). Summed
variables were regressed to correct for the effects of age and sex (a standard twin modeling
procedure) and the residuals used in analysis. Cognitive variables were further regressed for
1Q. Although our previous analyses indicated that the majority of genetic influences shared
between ADHD and cognitive variables were independent of those shared with 1Q (Kuntsi et
al. 2010; Wood et al. 2010b), regressing for 1Q ensured we controlled for any small
mediating effects of 1Q that were not the focus of present analyses, consistent with our
previously adopted approach (Kuntsi et al. 2010).

Statistical Analyses

Overview of the Twin Method—In univariate analyses, correlations between members
of a twin pair for each trait are used to apportion phenotypic variance to additive genetic
(A), dominant genetic (D) or shared environment (C), and child-specific environment (E)
components (which also subsumes measurement error) (Neale and Cardon 1992; Plomin et
al. 2001). Based on the assumptions that (a) MZ twins are genetically identical and therefore
share 100% of genetic variation, whereas DZ twins share, on average, 50% of their
segregating alleles contributing to A and 25% contributing to D, and (b) both MZ and DZ
pairs share 100% of their C but are discordant for E, the phenotypic variance for a trait is
partitioned into constituent A, C/D and E influences (when only twin pairs reared together
are used, the available information allows the estimation of only a C or D component at a
time). Greater phenotypic similarity between MZ twins compared to DZ twins suggests
genetic influences on trait variance. If the phenotypic similarity of MZ twins is more than
twice that of DZ twins, this suggests the presence of D, otherwise only A is suggested. DZ
twin correlations greater than half the MZ twin correlations suggest the presence of C. The
extent to which MZ twins are not 100% concordant for a trait reflects E (Rijsdijk and Sham
2002).

Structural equation modeling provides a tool for the formal estimation of variance
components (A, C/D and E parameters) and for testing alternative models describing
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possible component contributions to trait variance or covariance. In multivariate genetic
analyses, as well as partitioning the phenotypic variance of single traits, it is also the
covariance between traits that 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 correlations, (e.g. inattention ratings in twin 1 with RTV scores in twin 2)
(Rijsdijk and Sham 2002).

Genetic Structural Equation Models—The structural equation modeling program Mx
(Neale et al. 2006a) was used. 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 command; Stata version 10 (Stata 2007)).

Saturated Phenotypic Model—The saturated model 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, and provides a baseline
comparison for subsequent genetic models. We constrained this model in accordance with
assumptions of the genetic method (that is, means and variances within traits and phenotypic
correlations were equated across twins in a pair and zygosity groups) to obtain phenotypic
correlations representative of the whole sample while taking into account the non-
independence of the data (i.e. data of related subjects).

Parameter Selection for Multivariate Genetic Analyses—Univariate modelling was
used to inform the choice of parameters for the multivariate models (e.g. the choice of C or
D parameters) and to test for sex effects. As multivariate models have increased power over
univariate models (Schmitz et al. 1998), we do not present parameter estimates from
univariate models. In the univariate analyses, an ACE model provided the best fit for
cognitive measures, while ADE models (with scalar sex differences) fitted the ADHD
subscale ratings best. Due to the lack of qualitative or quantitative sex differences in the
univariate analyses beyond scalar differences, the computational intensity of modeling sex
effects and additional power issues (Neale et al., 2006b), only scalar differences between
males and females were allowed in the multivariate models, by pre- and post-multiplying
male phenotypic variances by a scaling factor.

Correlated Factor Solution of the Full Cholesky Decomposition Model (Fig. 1)
—A triangular decomposition was run and converted to the mathematical equivalent
correlated factor solution (Loehlin 1996), in which the order of traits is arbitrary. The
mathematical solution estimates the degree of overlapping etiological factors between two
traits, with etiological correlations that vary from 0 (indicative of no overlap) to 1 (reflecting
complete overlap), irrespective of the extent to which they are shared with other traits in the
model.

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
Cholesky model was decided a priori: to ascertain how much of the overlap between
inattentiveness and cognitive data is due to etiological influences that are independent of
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influences underlying hyperactivity-impulsivity, hyperactivity-impulsivity is assigned as the
first measured variable. As such, for these analyses we present the triangular (Cholesky)
decomposition.

Means and standard deviations of ADHD ratings and cognitive data are given in Table 1.
Due to variance differences between the genders, means and standard deviations are
presented separately for males and females. Maximum likelihood twin-pair correlations
between ADHD ratings and cognitive data are given in Table 2, and are presented together
for males and females due to the lack of quantitative or qualitative sex differences.

Parameter estimates are presented in Table 3 and Fig. 1 from the full correlated factors
solution of the Cholesky decomposition (to avoid artificially inflating parameters, estimates
from the full model are provided) and non-significance is indicated by confidence intervals
that include zero. The genetic variance within cognitive variables and the genetic
correlations between symptom domains and cognitive variables refer to additive genetic
effects, as dominant genetic effects do not contribute to the variation of cognitive variables
of their covariation with ADHD symptom domains. Additive genetic correlations in
particular indicated a different pattern of association with the two ADHD symptoms for RT
variables versus CE, with the strongest genetic association observed between RTV and
inattention (r,=0.64). A moderate additive genetic association was also observed between
RTV and hyperactivity-impulsivity symptoms (r,=0.31). In contrast, we found lower
additive genetic correlations for CE, although there was less differentiation with symptom
domains, with correlations of 0.11 and 0.17 for inattention and hyperactivity-impulsivity,
respectively.

The vast majority (68% to 87%) of the phenotypic covariance between RT-related factors
and either ADHD behavioural dimension was due to shared genetic (additive) effects. A
greater degree of differentiation was observed when partitioning the contribution of shared
genetic factors to the phenotypic covariation of CE for ADHD symptom domains
(inattention (19%) and hyperactivity-impulsivity (61%)).

Given that the strongest genetic correlation between symptom scores and a cognitive
variable emerged between inattention and RTV, this was investigated further in the
Cholesky decomposition. Specifically, we wanted to test with the Cholesky decomposition
how much of the etiological association between RTV and inattention was independent of
hyperactivity-impulsivity. This can be estimated by summing the product of Cholesky
additive genetic/individual-specific environmental paths that are not shared with
hyperactivity-impulsivity, and taking them as a percentage of the total additive genetic/
individual-specific environmental covariance between inattention and RTV data (C and D
do not underlie both inattention and RTV and so do not contribute to the covariation
between these two traits).

Using the parameter estimates from the Cholesky decomposition (Figure 2), we estimated
that 55% of the genetic covariance between inattention and RTV occurred independently of
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genetic effects underlying hyperactivity-impulsivity: ((0.40*1.97)/(0.40*1.97)+(1.02*0.62)
=0.79/(0.79+0.63) = 0.79/1.42 = 0.55). In a similar vein, 79% of the individual-specific
environmental covariance between RTV and inattention was independent of E underlying
hyperactivity-impulsivity.

Discussion

We investigated the genetic associations of the two ADHD symptom domains of inattention
and hyperactivity-impulsivity with key cognitive impairments known to be associated with
the familial risk for ADHD. Multivariate twin model fitting identified two cognitive
processes phenotypically associated with ADHD symptoms, captured by reaction time
variability (RTV) and commission errors (CE), which showed different genetic relationships
to the two ADHD symptom domains.

The findings are consistent with our previous report on two familial cognitive impairment
factors in ADHD (Kuntsi et al. 2010), but further extend the previous observations by
investigating the two ADHD symptom dimensions separately and by using a twin design
that can distinguish between genetic and shared environmental effects that underlie familial
influences.

Our previous analyses on a large ADHD and control sibling-pair sample indicated that RT
measures index a large familial cognitive impairment factor in ADHD that accounts for 85%
of the familial influences on ADHD (Kuntsi et al. 2010). Here we show, with a large
population-based twin sample, that the RTV-ADHD association reflects largely additive
genetic influences that RTV shares with inattention (r,=0.64) (a similar pattern was
observed for MRT). A moderate additive genetic association was also observed between
RTV and hyperactive-impulsive symptoms (r,=0.31). However, our further analyses showed
that just over half (55%) of the additive genetic covariance between RTV and inattention
was independent of genetic influences on hyperactivity-impulsivity. This degree of
separation is notable, given the strong genetic correlation between inattention and
hyperactivity symptoms, as reported previously (Greven et al. 2011; McLoughlin et al.
2007, 2011; Paloyelis et al. 2010; Wood et al. 2009) and further confirmed here (r,=0.90).
Our findings also confirm the previous observation (Wood et al. 2010a) that MRT indexes
largely the same genetic liability as RTV, observed in the high additive genetic correlation
of 0.87.

The second, smaller familial cognitive impairment factor in ADHD in our previous analyses
captured commission errors (CE), as well as omission errors, and accounted for 13% of the
familial influences on ADHD (Kuntsi et al. 2010). However, the current results provide no
evidence to suggest that the CE-ADHD association reflects a stronger association of CE
with either hyperactivity-impulsivity or inattention; both additive genetic correlations were
overall low (rg=0.17 and 0.11, respectively) and non-significant. Further twin studies are
required to clarify whether the low genetic correlations between CE and the ADHD
symptom domains would emerge as significant in larger samples, although we note the
consistency between the current and previous findings in the degree of genetic/familial
association between CE and ADHD symptoms (Kuntsi et al. 2010).
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Finally, the current findings demonstrate the etiological separation between the two indices
of cognitive impairments, since there were no significant shared additive genetic influences
across RTV and CE (r,=—0.10, ns). This is consistent with the etiological separation that was
identified in the previous study using combined type children and adolescents with ADHD,
their siblings and control sibling pairs.

Our findings converge with previous studies using clinical phenotypes in highlighting the
importance of both shared and unique etiological pathways on the two symptom domains of
ADHD. A recent analysis comparing factor models of ADHD symptoms in adolescents
found that a general combined factor with separable inattention and hyperactivity-
impulsivity dimensions best explained the symptom data (Toplak et al. 2009); a pattern of
findings that is reflected in the shared and unique genetic effects that influence inattention
and hyperactivity-impulsivity. Here we demonstrate the degree of specificity that the
cognitive impairment factors have in their genetic association with inattention and
hyperactivity-impulsivity symptoms. The two cognitive impairments in ADHD may also
interplay throughout development, leading to different outcomes for ADHD as individuals
pass from childhood into adulthood (Halperin and Schulz 2006; Halperin et al. 2008).
Within such a developmental model, the finding that RTV, reflecting an early-onset
enduring deficit (Halperin and Schulz 2006; Halperin et al. 2008), is associated specifically
with inattention, may explain the developmental persistence of the inattentive symptom
domain (Biederman et al. 2000; Larsson et al. 2006; Todd et al. 2008). The possible role of
the cognitive processes described here in mediating the association of the two ADHD
symptom domains with different patterns of comorbidity is an important direction for future
research that arises from these findings.

A limitation of the study is that teacher ratings were missing for 151 individuals. Strengths
of this study include the use of a population sampling strategy that is free from potential
referral effects, which might bias estimates of the etiological associations between co-
occurring behavioural and cognitive phenotypes. We adopted a quantitative approach to the
analysis of ADHD symptoms, which reflects the continuous nature of ADHD symptoms in
the population. The similarity between the findings presented here and the previous study
using clinical cases of ADHD provides further evidence that ADHD reflects the extreme and
impairing tail of quantitative traits for inattention and hyperactivity-impulsivity (Chen et al.
2008). This has implications for our understanding of the nature of ADHD by demonstrating
the quantitative nature of ADHD at both the behavioural, cognitive and etiological level.
This further emphasizes the importance of linking symptoms to impairments when defining
the clinical condition (NICE 2008), and supports the further use of population sampling
strategies for investigating the separate neurobiological processes that underlie the clinical
condition.
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Figure 1. Standardised solution of the full correlated factor model
Note: Significant parameters are indicated with solid lines and non-significant parameters

with dotted lines; Abbreviations: HYP-IMP: Hyperactivity-impulsivity; INATT: inattention;
MRT: mean reaction time; RTV: reaction time variability; CE: commission errors. Model
presented for one twin only for ease of presentation.
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Figure 2. Additive genetic and individual-specific environmental parameter estimates from the
three-variable Cholesky model

Note: Unstandardised parameter estimates; significant parameters are indicated with solid
lines and non-significant parameters with dotted lines; Abbreviations: HYP-IMP:
Hyperactivity-impulsivity; INATT: inattention; RTV: reaction time variability; Model
presented for one twin only for ease of presentation and for only shared components additive
genetic (A) and individual-specific environmental (E) influences only
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