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Abstract The heritability of attention-deficit/hyper-
activity disorder (ADHD) is higher for children than adults.
This may be due to increasing importance of environment
in symptom variation, measurement inaccuracy when two
raters report behavior of a twin-pair, a contrast effect
resulting from parental comparison of siblings and/or
dimensionality of measures. We examine rater contrast and
sex effects in ADHD subtypes using a dimensional scale
and compare the aetiology of self, versus maternal-report.
Data were collected using the Strengths and Weaknesses of
ADHD and Normal Behaviour Scale (SWAN): maternal-
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report for 3,223 twins and siblings (mean age 21.2,
SD = 6.3) and self-report for 1,617 twins and siblings
(mean age 25.5, SD = 3.2). Contrast effects and magnitude
of genetic and environmental contributions to variance of
ADHD phenotypes (inattention, hyperactivity-impulsivity,
combined behaviours) were examined using structural
equation modeling. Contrast effects were evident for
maternal-report hyperactivity-impulsivity (b = —0.04) and
self-report inattention (—0.09) and combined ADHD
(—0.08). Dominant genetic effects were shared by raters
for inattention, hyperactivity-impulsivity and combined
ADHD. Broad-sense heritability was equal across sex for
maternal-report inattention, hyperactivity-impulsivity and
combined ADHD (0.72, 0.83, 0.80). Heritability for cor-
responding subtypes in self-reported data were best repre-
sented by sex (0.46, 0.30, 0.39 for males; 0.69, 0.41, 0.65
for females). Heritability difference between maternal and
self-report ADHD was due to greater variance of male
specific environment in self-report data. Self-reported
ADHD differed across sex by magnitude of specific envi-
ronment and genetic effects.

Keywords Twin studies - Contrast effects - Rater effects -
ADHD - Inattention - Hyperactivity-impulsivity -
Sex-limitation

Introduction

In childhood, behavioural measures of attention-deficit
hyperactivity disorder (ADHD) symptoms are collected
from parents, teachers or trained interviewers. Adult
ADHD data are most often self-reported. The change in
rater with time corresponds to a change in heritability
estimates of ADHD. A heritability estimate of ~80 % is
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consistently found for children (Derks et al. 2008; Knopik
et al. 2005; Martin et al. 2002) and adult heritability is
estimated at ~45 % (Boomsma et al. 2010; Larsson et al.
2012; Kan et al. 2012). Sex effects are suggested, but not
clarified in these studies. The drop in heritability is con-
founded with the move from parental to self-report of
symptoms (Kan et al. 2012) and could be due to the
increased influence of environmental factors in symptom
moderation for adults. For example adults are more able to
select environments in which their symptoms are not
problematic. This decline could also be due to rater effects
and a change in model parameters when two rather than
one person reports on the behaviour of paired twins.

Classical twin studies examining parental report of
ADHD, show sex effects. Eaves and colleagues (1997)
show fathers’ but not mothers’ report of childhood ADHD
differed for males and females. They also show evidence
for a sibling contrast effect (Simonoff et al. 1998; Eaves
et al. 1997). Simonoff and colleagues (1998) speculate this
is due to parental bias rather than true sibling interaction
because the same effect is not evident in teacher report of
children’s behavior. It may also be that parents’ see aspects
of their children’s behavior not evident during school. A
contrast effect results when for example, high levels of
ADHD in one twin lead to lower levels of ADHD in a
cotwin. The effect reduces the within twin-pair correlation
with the decrease in genetic relationship between siblings.
Therefore differences between DZ twins are exaggerated in
comparison to MZ twins, an effect also indicative of the
action of dominant genes or epistasis (Eaves 1976). It is
important to clarify the nature of contrast and sex effects to
increase measurement accuracy of ADHD symptoms.

Two recent studies have sought to explain the variation
in ADHD measurement that occurs with sex and rater.
Merwood and colleagues (2013) found a contrast effect for
parent ratings of ADHD and a dominant genetic effect in
self-report symptoms within an 11-12 year old twin sam-
ple. The contrast effect was equal for males and females,
but there were scalar sex effects in parent, teacher and self-
reported ADHD in this sample. The heritability estimates
they found when two raters reported the behaviour of each
twin within a pair (teachers = 49 % and self = 48 %),
were of similar magnitude. They were also lower than
heritability estimates calculated with parental (82 %) and
same teacher (60 %) behavioural report.

Chang et al. (2013) examined sex effects and change in
genetic effects on attention problems that occur with age.
Their sample consisted of 820 year old twins with parental
and self-reported data collected across time. Their results
indicated variation across sex and a dominant genetic effect
accounting for variation in attention problems. In contrast to
the drop in heritability estimates of ADHD with age, there
was no decline in genetic effects influencing attention
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problems over time (range = 77-82 %) when a latent
measure including maternal and self-reported symptoms was
used. This study did not test for contrast effects and both
parent and self-report data were collected using a severity
scale (The Child Behavior Checklist).

The scale used to collect data has been suggested to
exert an additional influence on research findings. Pinto
and colleagues (2012) found consistent contrast effects and
a sex effect influencing ADHD for children aged 7 and 12
when parents’ reported ADHD using severity scales (The
Strengths and Difficulties Questionnaire and The Revised
Rutter Scale). These authors suggest rater contrast effects
are due to the limitations of a severity scale. A study by
Hay and colleagues (2007) found contrast effects for
ADHD when a severity scale was used (Australian Twin
Behavioural Rating Scale; Levy et al. 1997), but not when
ADHD data were collected using the Strengths and Diffi-
culties of ADHD and Normal behaviour Scale (SWAN).

The SWAN scale (Swanson et al. 2005) measures ADHD-
related behaviours along a continuum, ranging from high
levels of attention and highly appropriate activity, to the
clinically relevant inattention and hyperactivity-impulsivity
characteristic of ADHD. The use of this dimensional scale
could provide a more accurate description of behavior
because respondents are not required to say whether or not the
participant has a symptom. The requirement is to rate the way
in which a symptom is expressed, this can be in a negative or
positive direction. The increased specificity of behavioural
description possible with the SWAN could remove a report-
ing bias imposed by the base category of a severity scale.

This study explores the presence of rater contrast effects
in maternal and self-reported ADHD related behaviours
using the SWAN. We estimate the similarity and difference
in genetic and environmental factors contributing to
maternal and self-reported inattentive, hyperactive-impul-
sive and combined ADHD related behaviours. We also test
for variation in the genetic and environmental factors
influencing these behaviours across sex in a sample of
adolescents and young adults, extending the age range of
previous studies.

Methods
Samples

Data were from two ongoing sub-studies of the Brisbane
Longitudinal Twin Study (BLTS; Wright & Martin 2004)
in which the inattentive and hyperactive-impulsive
behaviours comprising ADHD were collected using the
SWAN. The first sample came from a study of melanocytic
naevi (Zhu et al. 1999) and included 3,236 twins and
family members, 51.0 % female with a mean age of 21.2
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(SD = 6.3). ADHD data in sample 1 was provided by
mothers. The second sample was drawn from a study of
mental health in young adults (Gillespie et al. 2012).
Sample 2 included 1,617 twins and family members aged
on average 25.0 (SD = 3.7), and 58.1 % of these partici-
pants were female. These participants reported their own
ADHD related behaviours. Participants with three or more
missing inattentive or hyperactive-impulsive items were
removed from the samples, reducing the size of sample 1
by 13.

Nine-hundred and twenty-four participants provided
valid data to both projects, this allowed us to compare
maternal and self-reported SWAN scores. We call this
group sample 3. The mean age of sample 3 was 24.30
(3.94), and 41.2 % of these participants were female.

Twin zygosity was determined by typing nine indepen-
dent polymorphic DNA markers with the AmpFLSTR
Profile PCR Amplification Kit. Cross-checks compared
ABO, MN and Rh blood groups and phenotypic informa-
tion. The probability of error using this method is less than
10~*. Subsequent genotyping with the Illumina 610 k array
for the majority of the sample confirmed zygosity
determination.

Participants and their parents were fully informed of
study procedures and gave consent to participate.

Measurement

ADHD Data collection for samples 1 and 2 began in 2008
and 2009 respectively. The 18 SWAN items (Swanson
et al. 2005) address the 18 ADHD criterion A symptoms
listed in the Diagnostic and Statistical Manual of Mental
Disorders, fourth edition-text-revision (DSM-IV-TR) but
are worded to reflect normal behaviour. The mean of the
first nine items represented participants’ inattention score
and the mean of items 10-18 represented their level of
hyperactivity-impulsivity. The mean of all 18 items rep-
resented participants’ level of combined ADHD related
behaviours. Descriptive statistics for the SWAN scale are
presented in Tables 1 and 2 by zygosity group, for samples
1 and 2 respectively.

ADHD measurement in sample 1

During the adolescent twins’ first or second clinic visit,
ADHD data were collected from mothers for twin-pairs and
their siblings (N = 512). Data for twins completing clinic
visits prior to introduction of the SWAN were collected using
an online questionnaire completed at home, taking approx-
imately 60-90 min (N = 2,711). If participants were aged
twenty or younger, mothers were asked about childrens’
current symptoms (n = 1,016). If participants were older
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than twenty, mothers’ were asked about their childrens’
ADHD symptoms when they were in primary school, scale
items were retrospective (n = 1,695). Both clinic and online
versions of the questionnaire recorded responses on a 7-point
scale ranging from —3-3 describing participants’ ability to
maintain attention for example, as: far above average, above
average, slightly above average, average, slightly below
average, below average, far below average.

Mothers of 103 participants completed the SWAN dur-
ing the clinic visit and approximately 2-years later
(SD = 6-months) using the online questionnaire. Retest
correlations followed by 95 % confidence intervals (CI) for
the reported inattention, hyperactive-impulsivity and
combined ADHD were 0.81 (0.73-0.87), 0.76 (0.67-0.83)
and 0.82 (0.74-0.87) respectively.

ADHD measurement in sample 2

The SWAN scale used to collect self-reported ADHD
symptoms in sample 2 was 5-point ranging from —2-2: far
above average, above average, average, below average
and far below average. Data were collected across three
waves; the first wave included 373 participants and the
SWAN scale was retrospective. Participants were asked to
rate their behaviour in relation to peers when they were in
primary school and aged around 7-10. The second wave
included 711 participants and the third wave included 905,
questionnaires in these two waves asked participants about
current symptoms. Some participants contributed data to
multiple waves of data collection allowing us to estimate
retest correlations, these were listed in Table 3 along with
the period of time between testing.

Less than 2 % of ADHD data points were missing
within samples 1 and 2.

ADHD measurement in sample 3

Scales in samples 1 and 2 were standardized (mean = O,
variance = 1) this allowed us to compare ADHD scores
across studies using sample 3. Maternal-report ADHD data
for these participants was both current (n = 248) and ret-
rospective (n = 676). Self-report ADHD came from each
wave of sample 2 data collection (1 = 254, 2 = 293,
3 = 377), also including current and retrospective report of
symptoms.

Analyses

Data from the first and second sibling within each twin’s
family was included in analyses whenever available, to
increase the power to detect dominant genetic and common
environmental effects (Posthuma and Boomsma 2000).
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Twin methodology

Following classical twin methodology, monozygotic twins
were considered genetically identical and any difference
between twins within a pair was due to environmental
experiences. Dizygotic twins shared on average 50 %
additive genetic effects and 25 % dominant genetic effects,
while both MZ and DZ twins could be assumed to share the
family environment to the same extent. The genetic relat-
edness between family members was used to dissect the
variance of ADHD ratings into genetic and environmental
components: the additive effect of markers across multiple
loci (A), variants acting in a dominant manner (D), envi-
ronmental sharing between family members (C), and spe-
cific environmental experiences that made individuals
within families differ (E). The E variance component also
included measurement error. D and C were negatively
confounded as both estimates were based on the difference
in the MZ and DZ within pair correlation so could not be
included in the same model for twins reared together.

Contrast effects act in the same way as dominance and
could not be estimated in the same model as C. Therefore
separate models were run for C and D parameters to
determine which provided the best fit to the data and
contrast parameters were excluded from the models
including C. The contrast parameters were modeled as a
direct pathway (b) from one twin’s phenotype to that of
their cotwin (or sibling) taking a negative value. The
covariance for each ADHD phenotype was therefore rep-
resented as (I—b)71 (A+ D) (I—bf] for MZ twins, and
(I-b)~! (54 + 25D) (I-b)~" for DZ twins. The differ-
ence between MZ and DZ twin-pair covariance provided
an estimate of the magnitude of genetic effects influencing
ADHD symptoms. These analyses were run in classic Mx
(Neale et al. 1999).

Univariate twin models testing contrast and sex effects
on ADHD

Three nested models were used to estimate sex difference
in the aetiology of ADHD: (/) the general model illustrated
in Fig. 1, allowed qualitative and quantitative (scalar) A,
C or D and E paths for males (am;;, dm;;, em;;) and females
(afy, dfij efij), including a male specific genetic effect
(mg;j), (2) a scalar sex-limitation model allowed separate A,
C or D and E paths across sex assuming the genetic effects
contributing to symptoms were the same for males and
females, but genetic and environmental paths differed by
magnitude, and (3) a progressively constrained model in
which path coefficients were equated between males and
females (amy; = afy;, dm; = df;, emy; = ef;;). Contrast
effects were included in each of these models for twins

@ Springer

(b,;) and siblings (b3;, bys3) and initially allowed to differ
between the sexes.

Bivariate modelling comparing maternal and self-report
ADHD

The bivariate Cholesky decomposition illustrated in Fig. 1
allowed an estimation of genetic (a;, d>;) and environ-
mental factors (e,;) common to maternal and self-reported
inattention, hyperactivity-impulsivity and combined
ADHD related behaviours. This model also provided an
estimate of genetic and environmental effects specific to
either maternal (a;;, d;;, e;;) or self-reported (az,, das, €32)
ADHD subtypes. Contrast effects for twins (b3;) and sib-
lings (bs3, b;s) were also included in this model.

Common factors model

A common factors model was used to separate specific
environmental factors (E) from error (R) for each rater,
using sample 3. The common factor model can only be
identified when four or more variables are included in the
model. We included only two variables, so the loadings of
the latent factors (1) onto ADHD subtypes collected at time
1 and 2 were equated and the latent variable was scaled to 1
to identify the model (Loehlin 1996) for our purposes.
Siblings could not be included in this model due to the
relatively low number completing data at two time points
and the effect this had on parameter estimation.

Results

Mean current inattentive symptoms reported by mothers
(sample 1) were higher than when these symptoms were
reported retrospectively [¢r (1,994) = 3.04, p = 0.002].
This was not the case for hyperactivity-impulsivity
[#(2,091) = —0.93, p = 0.35]. The average ages of par-
ticipants with current and retrospectively reported data
were 17.14 (2.31) and 26.26 (3.66) respectively. Self-
reported inattention was also higher when participants
reported on their current, in relation to retrospective
symptoms [¢ (674) = 5.77, p < 0.001]. This was not the
case for self-reported symptoms of hyperactivity-impul-
sivity [t (589) = 0.87, p = 0.39]. The ages of these groups
with current and retrospective self-report data were 24.20
(3.30) and 25.18 (3.72) respectively.

Heritability estimates were calculated within each
sample, for each method of data collection. Clinic data
collection, retrospective and current report of symptoms in
sample 1, and for each wave of data collection in sample 2.
These results are presented in Table 4. Inspection of the
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Table 3 Retest correlations (CI) for waves of data collection in sample 2

Inattention Hyperactivity-impulsivity Combined ADHD
Wave 2 Wave 3 Wave 2 Wave 3 Wave 2 Wave 3
Wave 1 0.44 0.46 0.43 0.52 0.46 0.55
(0.30, 0.57) (0.34, 0.57) (0.28, 0.56) (0.41, 0.62) (0.31, 0.59) (0.45, 0.64)
Wave 2 0.66 0.52 0.62
(0.43, 0.81) (0.23, 0.73) (0.37, 0.79)

Mean time lapse between waves: 1 and 2 = 1.6 years (SD = 0.5), 1 and 3 = 3.7 years (SD = 0.3), 2 and 3 = 2.1 (§SD = 2.1). Size of re-test

sample waves: 1 and 2 n = 132, 1 and 3 n = 194, 2 and 3 n = 36

estimates justified pooling data within each sample and
including covariates to account for variation in method of
data collection and age.

Likelihood-ratio tests (LRT) were used to estimate the
homogeneity of means, variances across zygosity group
within each sample. In sample 1, mean maternal-report
inattention scores were approximately equal within sex,
across zygosity groups. Females had lower mean scores
than males (4—2LL = 77.1, Adf =3, p < 0.001). Vari-
ance of these scores was approximately equal for MZ and
DZ zygosity groups, providing no evidence for a contrast
effect. However variance was greater for DZ male than
DZ female twins (A—2LL = 9.20, Adf =3, p = 0.03).
Mean hyperactivity-impulsivity scores in sample 1 were
also lower for females (A—2LL = 43.7, Adf =3,
p <0.001), but could be equated within sex across
zygosity groups. The variance of hyperactivity-impulsiv-
ity was approximately equal for MZ and DZ zygosity
groups and for males and females.

In sample 2 self-report data, mean inattention scores
were approximately equal across DZ same and opposite
sex twins, but MZ males scores were higher than MZ
females (A—2LL = 13.67, Adf = 1, p < 0.001). All vari-
ances were approximately equal. Mean hyperactivity-
impulsivity scores were higher for males (4—2LL = 11.4,
Adf = 3, p = 0.009), but all variances and means within
sex and across zygosity group were equal.

Univariate sex-limited analyses and contrast effects
for ADHD subtypes

The presence of rater contrast effects (b) in SWAN mea-
sured ADHD was tested within each sex-limitation model.
Parameters were consecutively constrained to determine
their relevance to model fit. The best fitting models for
inattention, hyperactivity-impulsivity and combined
ADHD related behaviour within each dataset were pre-
sented in Table 5 respectively, and discussed below.
Results of all model-fitting was provided in supplementary
Tables 7 and 8 in Appendix Section for maternal and self-
report ADHD subtypes respectively.

Inattention

ADE and ADE + b models were the best fit for maternal
and self-report inattention. The ADE parameters were equal
for males and females in maternal-report data but the
magnitude of D and E differed across sex when inattention
was self-reported. There was a contrast effect evident in
self- but not maternal-report inattention (—0.09).

Hyperactivity-impulsivity

AE + b and ADE models provided the best fit for maternal
and self-reported hyperactivity-impulsivity. The A and
E factors could be equated for males and females in both
samples, but the magnitude of D was greater for females
than males in sample 2. The magnitude of E was greater for
males than females in sample 1.

Combined ADHD

ADE and ADE + b models best described sample 1 and 2
combined ADHD behaviours. The magnitude of A was
equal for males and females within both samples. Similarly
D was equal across sex in sample 1 but differed for males
and females when combined ADHD was self-reported. The
magnitude of E was greater for males than females in both
samples. There was a contrast effect evident in self-report,
but not maternal-report of symptoms. There was however
no difference between the MZ and DZ twin variance for
combined ADHD related behaviours in sample 2 as would
be expected in the presence of a contrast effect.

Bivariate Cholesky rater comparison

The bivariate Cholesky decomposition allowed us to esti-
mate genetic and environmental effects that were shared by
maternal and self-reported inattention, hyperactivity-
impulsivity and combined ADHD ratings for the 924 par-
ticipants contributing data to both samples. We were also
able to identify A, D and E factors specific to each rater
(see Table 6). Rater contrast parameters were included for
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«Fig. 1 Models used to decompose genetic and environmental vari-
ance in ADHD related behaviours. In all cases dominant genetic
effects (D) provided a better model fit than common environment (C),
E represents specific environmental factors, b represents contrast
between twins (b»;, b3;) and siblings (b3;, bys, bs3, b7s5). Lower case a,
d, and e represent additive genetic, dominant genetic and specific
environmental loadings onto measured phenotypes. Lower case f and
m represent the female and male specific effects in the test for sex-
limitation and mg represents the male specific genetic effect.
Subscripted numbers show the placement of effects in model matrices
and 1 represents the loadings of latent ADHD subtypes onto data
collected at times 1 and 2 for sample 3, in the common factors model

maternal and self-report data due to their presence in the
univariate models. However this parameter could be
dropped from each model without a significant deteriora-
tion in model fit (see Table 9 in Appendix Section of the
supplementary, rows 4, 11 and 18).

The A factor loading onto each ADHD subtype was
not shared by raters. The genetic factor common to
maternal and self-reported behaviours showed a pattern
of dominance (see Table 6 column 4, rows 3, 6 and 9).
This genetic correlation was 0.64 (95 % CI 0.51, 0.89)

hyperactivity-impulsivity and 0.94 (95 % CI 0.69, 1.00)
for combined ADHD.

The E factor for specific environment common to raters
could not be dropped without a deterioration in model fit.
These correlations were 0.17 (95 % CI = 0.03, 0.30) for
inattention, 0.22 (95 % CI = 0.07, 0.37) for hyperactivity-
impulsivity and 0.16 (95 % CI = 0.00, 0.30) and may
represent a case of correlated error terms.

Common factors model examining the aetiology
of specific environment (E)

Measurement error (R) and the specific environmental factor
(E) were separable in this model allowing us to determine the
magnitude of difference in E not shared by raters. The squared
loading (1) of the latent factor in supplementary Table 10
(column 9) of Appendix, onto ADHD measures at times 1 and
2 provided as estimate of retest-correlations for each ADHD
subtype and rater. These estimates should be similar to the
estimates provided in the methods (ADHD Measurement in

for inattention, 1.00 (95% CI0.73, 1.00) for  Sample 1) and Table 3. The magnitude of R was greater in
Table 4 Heritability Estimates Model AIC _olL df A E
for Samples 1 and 2 by Subtype
Maternal-report
Clinic
Inattention 241.17 1,239.17 499 0.63 (0.47, 0.75) 0.37 (0.25, 0.53)
Hyp-imp 157.53 1,155.53 499 0.79 (0.71, 0.84) 0.21 (0.16, 0.29)
Combined 156.74 1,154.74 499 0.75 (0.66, 0.82) 0.25 (0.18, 0.34)
Current
Inattention 691.30 2,479.30 894 0.65 (0.54, 0.73) 0.35 (0.27, 0.46)
Hyp-imp 610.20 2,392.20 891 0.71 (0.63, 0.79) 0.29 (0.22, 0.37)
Combined 623.35 2,373.35 875 0.71 (0.63, 0.80) 0.29 (0.22, 0.37)
Retrospective
Inattention 820.61 3,716.61 1,448 0.72 (0.65, 0.78) 0.28 (0.22, 0.35)
Hyp-imp 735.13 3,589.13 1,427 0.86 (0.83, 0.89) 0.14 (0.11, 0.17)
Combined 725.17 3,535.17 1,405 0.84 (0.80, 0.87) 0.16 (0.13, 0.20)
Self-Report
Wave 1
Inattention 239.32 975.32 368 0.31 (0.10, 0.49) 0.69 (0.51, 0.90)
Hyp-imp 340.05 1,076.05 368 0.31 (0.10, 0.49) 0.69 (0.51, 0.91)
Combined 268.93 1,005.93 368 0.30 (0.09, 0.47) 0.70 (0.52, 0.91)
Wave 2
Inattention 394.88 1,238.88 422 0.59 (0.37, 0.73) 0.41 (0.27, 0.63)
Hyp-imp 373.03 1,217.03 422 0.46 (0.25, 0.62) 0.54 (0.38, 0.75)
Combined 384.85 1,228.85 422 0.56 (0.35, 0.70) 0.44 (0.30, 0.65)
AIC Akaike Information Wave 3
Criterion, —2LL —2 X log-
likelihood, df degrees-of- Inattention 412.48 1,628.48 608 0.33 (0.13, 0.51) 0.67 (0.49, 0.87)
freedom, A additive genetic Hyp-imp 388.96 1,604.96 608 0.26 (0.08, 0.43) 0.74 (0.57, 0.92)
effect, £ unique environmental Combined 402.07 1,618.07 608 0.32 (0.13, 0.48) 0.68 (0.52, 0.87)

effect
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Twin contrast

Male variance

Male specific

Female variance

Table 5 Standardised estimates for best fitting sex-limitation models with contrast parameters for maternal and self-reported SWAN

Best fitting model

@ Springer

Inattention

0.28

0.55

0.17

0.28

0.55

0.17

Mother

(0.24, 0.32)
0.54

(0.37, 0.74)

0.41

(=0.35, 0.35)

0.05

(0.24, 0.32)
0.31

(037, 0.74)

0.65

(=0.35, 0.35)

0.04

Equal ADE

Self

—0.09

(=0.17, —0.02)

(039, 0.77)

(021, 0.82) (0.23, 0.42) (=0.58, 0.58) (0.22, 0.65)

—0.52, 0.52)

Equal A, D and E differ
Hyperactivity-impulsivity

—0.04

0.21

0.79

0.14

0.86

Mother

(=0.08, 0.00)

(0.17, 0.26)

0.70

(0.72, 0.85)
0.00

(0.11, 0.17)

0.59

(0.79, 0.94)
0.00

Equal ADE + contrast

Self

0.30

0.41

(0.59, 0.82)

(=0.33, 0.45)

(=031, 0.31)

(0.50, 0.70)

(0.11, 0.53)

(=0.26, .0.26)

Equal A and E
Combined symptoms

0.24

0.19

0.57

0.18

0.21

0.62

Mother

(0.20, 0.29)
0.60

(0.03, 0.36)

0.27

(0.40, 0.75)
0.12

(0.15, 0.21)

0.35

(0.03, 0.38)
0.55

(0.43, 0.81)
0.10

Equal AD, E differs, no contrast

Self

—0.08

(=0.16, —0.02)

(0.43, 0.84)

(0.14, 0.58)

(=0.58, 0.58)

(0.26, 0.47)

(0.50, 0.77)

(—0.48, 0.48)

Equal A, D and E differ

When paths were equated for females and males standardised estimates may differ due to greater variance in male scores. All model fitting for these analyses are provided in supplementary Table 7 and Table 8

self-report than maternal-report data (see column 10,
Table 10 of Appendix), confidence intervals did not overlap.
The magnitude of E (column 8, Table 10 of Appendix) was
also greater for hyperactivity-impulsivity and combined
ADHD when self-reported.

Discussion

We have addressed three questions raised in ADHD
research: (1) the presence of rater contrast effects in
maternal-report ADHD measured using a dimensional
scale (Pinto et al. 2012), (2) the aetiology of difference
between heritability estimates derived using maternal and
self-reported data (Merwood et al. 2013; Chang et al.
2013), and (3) sex differences in genetic and environ-
mental influences on ADHD-related behaviours.

We found there were rater contrast effects evident for
hyperactivity-impulsivity in data collected from mothers of
twins using a dimensional scale (SWAN). The size of the
effect was consistent with previous findings (—0.04; Mer-
wood et al. 2013) using maternal-report ADHD. Surpris-
ingly there was a contrast effect evident in self-report
inattention (—0.08) and combined ADHD related behav-
iours (—0.09). These effects could be due to greater contact
and perhaps similarity between MZ twins in adulthood or
sibling interaction—this was not examined. There was no
evidence of contrast in the variances of MZ and DZ twins,
leaving uncertainty about the origin of the contrast effect in
our data.

The bivariate analyses we conducted show differences
in heritability between maternal and self-reported data
within our samples were due to the greater magnitude of
rater specific E loading onto self-reported hyperactivity-
impulsivity and combined behaviours. Other groups have
found the E factor in rater specific self-report ADHD
includes additive genetic effects (manuscript submitted),
we did not test for this.

The retest-reliability of self-reported ratings within our
data was moderate (r = 0.46), and lower than the retest-
reliability of maternal-report ADHD (r = 0.81) over
approximately 2 years. The phenotypic correlation
between maternal and self-reported data was 0.34 (0.27,
0.41) for ADHD total score 0.38 (0.31, 0.44) for inattention
and 0.27 (0.19, 0.34) for hyperactivity-impulsivity. These
findings were consistent with reduced reliability of self-
report data.

Researchers have previously suggested symptomatic
adults do not provide an accurate report of their behaviour
(Knouse et al. 2005) but others indicate adults with ADHD
provide the more accurate assessment of their symptoms
but minimize symptom severity (Kooij et al. 2008). We did
not address this question but did find greater variation in
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Table 6 Standardised path estimates for best fitting bivariate cholesky examining the aetiology of maternal and self-reported ADHD subtypes

Reporter A D E Twin contrast
Mother Self Mother Self Mother Self
Inattention
Mother 0.08 0.65 0.26 -
(0.00, 0.25) (0.48, 0.79) (0.23, 0.30)
Self - 0.00 0.36 0.49 0.06 0.52
(0.00, 0.00) (0.29, 0.44) (0.27, 0.59) (0.01, 0.12) (0.44, 0.62)
Hyperactivity-impulsivity
Mother 0.65 0.16 0.18 -
(0.52, 0.74) (0.09, 0.28) (0.16, 0.21)
Self - 0.00 0.25 0.38 0.07 0.62
(0.00, 0.14) (0.18, 0.32) (0.21, 0.48) (0.02, 0.13) (0.53, 0.73)
Combined symptoms
Mother 0.50 0.31 0.18 -
(0.34, 0.62) (0.20, 0.47) (0.16, 0.44)
Self - 0.00 0.35 0.44 0.05 0.56
(0.00, 0.16) (0.27, 0.42) (0.26, 0.55) (0.00, 0.10) (0.47, 0.66)

All model fitting results for these analyses are shown in supplementary Table 10

the specific environmental/error factor influencing self-
reported data. A general review of the literature examining
self-report of ADHD did however show, self-reported
symptoms were reliable and valid in European (Adler et al.
2008; Magnusson et al. 2006) and Korean (Kim et al. 2013)
samples. However, these results may not be comparable to
ours due to the fact that they concentrate on more severely
affected samples.

There were additive genetic factors specific to mothers’
report of each ADHD subtype not evident when symptoms
were self-reported. These factors could partly account for
the severity of symptoms that has previously been reported
as a cause of variation between mother and self-ratings
(Kooij et al. 2008). There were also sex differences in self-
reported data. The magnitude of dominant genetic effects
influencing inattention was greater for females than males.
The magnitude of unique environmental effects was greater
for males within each self-reported subtype. Males gener-
ally have greater variance in ADHD scores (Chang et al.
2013; Merwood et al. 2013; Ebejer et al. 2013) and unique
environmental experience may account for this. The mag-
nitude of D was greater for females in self-reported data.
We found scalar differences in the genetic and environ-
mental effects across sex for self-report, but not maternal-
report subtypes. Our findings differ from the work done by
Merwood and colleagues (2013) in this regard.

Broad-sense heritability estimates of maternal report
inattention, hyperactivity-impulsivity and combined
behaviours were approximately equal for men and women
(0.72, 0.79, 0.76 and 0.72, 0.86, 0.83 respectively). The

broad-sense heritability of self-reported symptoms was
lower for men than women for inattention (0.46 vs 0.69),
hyperactivity-impulsivity (0.30 vs 0.41) and combined
behaviours (0.39 vs 0.65).

The SWAN scale measures behaviours across the full
spectrum, including high and low levels of attention and
activity. Merwood and colleagues (2013) used a severity
scale to measure ADHD within their sample of 11 and
12 year olds and the rater contrast effect they found for
ADHD total score was approximately equal to the contrast
effect we found influencing symptoms of hyperactivity-
impulsivity in maternal-report data. Additionally a contrast
effect unexpectedly appeared in self-report data, possibly
due to the greater difference between MZ and DZ twin cor-
relations for ADHD subtypes. The negative twin correlations
evident in self-report data could account for this effect.

It is important to consider our findings in relation to the
limitations of the study. There was a difference in the
period of time to which scale items were addressed;
approximately half of sample 1 and one-third of the sample
2 were retrospectively reporting on childhood symptoms.
Symptoms of inattention were lower on average when they
were reported retrospectively, suggesting participants were
more attentive as children than they were as teenagers and
young adults. Additionally the possible correlation of error
terms in our comparison of maternal and self-reported
variance components could show a model bias. This effect
could also be due to the similarity of wording on the scale
used to collect data from each group of informants (Bollen
and Lennox 1991).
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Despite these limitations our results show a contrast
parameter for inattentive and hyperactive-impulsive sub-
types when using a dimensional measure of symptoms. We
also found ~ 14 % of the variation in self-reported ADHD
was accounted for by variation in specific environmental
experience and ~50 % of the variation was due to other
factors falling into E when two raters rather than one report
on twins within a pair.
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Appendix

See Tables 7, 8, 9 and 10.

Table 7 Univariate sex-limited twin models with contrast effects for maternal-report ADHD subtypes

Model AIC —2LL df A—-2LL Adf p value Best fitting model

Inattention
ACE 2,012.23 8,258.23 3,123 - - -
ADE + b 1,999.86 8,233.86 3,117 24.37 - -
Equate b sibs 1,996.12 8,238.12 3,121 4.26 4 0.37
Drop b sibs 1,994.93 8,238.93 3,122 0.81 1 0.37 No contrast effect for twins or sibs
Drop b twins 1,996.53 8,242.53 3,123 3.60 1 0.06 No male specific genetic effects
Drop M 1,995.34 8,243.34 3,124 0.81 1 0.37 Equal A, D and E for males and females
Equate A 1,995.21 8,245.21 3,125 1.87 1 0.17
Drop D 2,026.64 8,280.64 3,127 35.43 2 <0.001
Equate AD 1,996.82 8,248.82 3,126 3.61 1 0.06
Equate ADE 1,997.74 8,251.74 3,127 2.92 1 0.09

Hyperactivity-impulsivity
ACE 1,717.55 7,963.55 3,123 - - -
ADE + b 1,720.56 7,954.56 3,117 8.99 - -
Equate b sibs 1,716.09 7,958.09 3,121 3.53 4 0.47 Contrast effect for twins
Drop b sibs 1,716.85 7,960.85 3,122 2.76 1 0.10 No male specific genetic effects
Drop b twins 1,718.62 7,964.62 3,123 3.77 1 0.05 Equal A and no D effects
Drop M 1,714.85 7,960.85 3,123 0.00 1 1.00 E differs for males and females
Equate A 1,712.86 7,960.86 3,124 0.01 1 0.92
Drop D 1,710.14 7,962.14 3,126 1.28 2 0.53
Equate E 1,727.77 7,981.77 3,127 19.63 1 <0.001

Combined ADHD
ACE 1,774.44 8,020.44 3,123 - - -
ADE + b 1,776.55 8,010.55 3,117 9.89 - -
Equate b sibs 1,772.04 8,014.04 3,121 3.49 4 0.48 No contrast effect for twins or sibs
Drop b sibs 1,770.05 8,014.05 3,122 0.01 1 0.92 No male specific genetic effects
Drop b twins 1,771.61 8,017.61 3,123 3.56 1 0.06 Equal A and D parameters
Drop M 1,769.66 8,017.66 3,124 0.05 1 0.82 E differs for males and females
Equate A 1,768.38 8,018.38 3,125 0.72 1 0.40
Drop D 1,772.73 8,026.73 3,127 8.25 1 0.004
Equate AD 1,769.54 8,021.54 3,126 3.16 1 0.08
Equate E 1,776.64 8,030.64 3,127 9.10 1 0.003

AIC Akaike Information Criterion, —2LL —2 x log-likelihood, df degrees-of-freedom, M male specific genetic effects. Best fitting models are bolded and selected
according to the least degree of change in —2LL when parameters are dropped from the model
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Table 8 Sex-Limited Twin Models with Contrast Effects for Self-Reported ADHD Subtypes

Model AIC —2LL df A-2LL Adf p value Best fitting model

Inattention
ACE 1,232.56 4,382.56 1,575 - - -
ADE + b 1,217.83 4,355.83 1,569 26.73 6 <0.001
Equate b sibs 1,216.97 4,362.97 1,573 7.14 4 0.13
Drop b sibs 1,215.02 4,363.02 1,574 0.05 1 0.82 Contrast effect for twins
Drop b twins 1,220.56 4,370.56 1,575 7.54 1 0.006 No male specific genetic effects
Drop M 1,213.05 4,363.05 1,575 0.03 1 0.86 Equal A for males and females
Equate A 1,211.05 4,363.05 1,576 0.00 1 1.00 E and D differ for male and females
Drop D 1,222.33 4,378.33 1,578 15.28 2 <0.001
Equate AD 1,216.68 4,370.68 1,577 7.63 1 0.006
Equate AE 1,214.84 4,368.84 1,577 5.79 1 0.02

Hyperactivity-Impulsivity
ACE 1,263.27 4,413.26 1,575 - - -
ADE + b 1,257.69 4,395.69 1,569 17.57 6 0.007 No contrast effect for twins or sibs
Equate b sibs 1,259.42 4,405.42 1,573 9.73 4 0.05 No male specific genetic effects
Drop b sibs 1,257.61 4,405.61 1,574 9.92 5 0.08 Equal A and E for males and females
Drop b twins 1,259.09 4,409.09 1,575 3.48 1 0.06 D differs for males and females
Drop M 1,257.09 4,409.09 1,576 0.00 1 1.00
Equate A 1,255.19 4,409.19 1,577 0.10 1 0.75
Drop D 1,262.12 4,420.12 1,579 10.93 2 0.004
Equate AD 1,258.50 4,414.50 1,578 5.31 1 0.02
Equate AE 1,254.66 4,410.66 1,578 1.47 1 0.23

Combined ADHD
ACE 1,244.66 4,374.66 1,575 - - -
ADE + b 1,212.98 4,350.98 1,569 23.68 6 <0.001
Equate b sibs 1,214.98 4,360.98 1,573 10.00 4 0.04 Contrast effect for twins
Drop b sibs 1,213.18 4,361.18 1,574 10.19 5 0.07 No male specific genetic effects
Drop b twins 1,217.34 4,367.34 1,575 6.16 1 0.01 Equal A for males and females
Drop M 1,211.18 4,361.18 1,575 0.00 1 1.00 D and E differ for males and females
Equate A 1,209.31 4,361.31 1,576 0.13 1 0.72
Drop D 1,221.15 4,377.15 1,578 15.86 2 <0.001
Equate AD 1,218.74 4,372.74 1,577 11.56 1 <0.001
Equate AE 1,211.00 4,365.00 1,577 3.69 1 0.05

AIC Akaike Information Criterion, —2LL —2 x log-likelihood, df degrees-of-freedom, M male specific genetic effects. Best fitting models are
bolded and selected according to the least degree of change in —2LL when parameters are dropped from the model
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Table 9 Model Fitting for Bivariate Cholesky Comparing Rater A, D and E Parameters

Model AIC —2LL Df A-2LL Adf p value Best fitting model
Inattention
AE + b 3,717.74 13,901.74 5,092 - - -
ADE + b 3,656.80 13,834.80 5,089 66.94 3 - No contrast effects
Drop b twins 3,658.39 13,838.39 5,090 3.59 1 0.06 No common A
Drop A common 3,657.43 13,839.43 5,091 1.04 1 0.31 Common E
Drop AE common 3,660.79 13,844.79 5,092 5.36 1 0.02 Common D
Drop AD common 3,736.58 13,920.58 5,092 81.15 1 <0.001
Hyperactivity-Impulsivity
AE + b 3,436.74 13,618.74 5,091 - - -
ADE + b 3,400.74 13,578.74 5,089 40.00 2 -
Drop b twins 3,401.76 13,581.76 5,090 3.02 1 0.08 No contrast effects
Drop A common 3,399.80 13,581.80 5,091 0.04 1 0.84 No common A
Drop AE common 3,404.81 13,588.81 5,092 7.01 1 0.008 Common E
Drop D common 3,436.80 13,620.80 5,092 31.99 1 <0.001 Common D
Combined ADHD
AE + b 3,450.66 13,634.66 5,092 - - -
ADE + b 3,427.65 13,605.65 5,089 28.99 3 -
Drop b twins 3,428.65 13,608.65 5,090 3.00 1 0.08 No contrast effects
Drop A common 3,427.47 13,609.47 5,091 0.82 1 0.37 No common A
Drop AE common 3,429.39 13,613.38 5,092 3.91 1 0.05 Common E
Drop AD common 3,502.98 13,686.98 5,092 77.51 1 <0.001 Common D

AIC Akaike Information Criterion, —2LL —2 x log-likelihood, df degrees-of-freedom, M male specific genetic effects. Best fitting models are
indicated by non-significant change in —2LL when parameters are dropped from the model

Table 10 Path Estimates and Model Fit for Common Factors Model Examining Specific Environment and Error Components of ADHD
Subtypes

Model AIC —2LL df A D C E 1 R

Maternal-report

Inattention
ADE 1,430.43 5,994.43 2,282 0.00 (.00, .00) 0.70 (.51,.77) - 0.06 (.00, .12) 0.87 (.82, .92) 0.20 (.15, .27)
ACE 145931 6,029.87 2,282 0.67 (.59, .76) - 0.00 (.00, .02) 0.11 (.03, .18) 0.88 (.83, .93) 0.20 (.15, .27)
AE 1,459.31 6,025.31 2,283 0.67 (.59, .76) - - 0.11 (.03, .18) 0.88 (.83,.93) 0.20 (.15, .27)
Hyperactivity-impulsivity
ADE 124736 5,811.36 2,282 0.61 (.36, .81) 0.14 (.00, .38) - 0.00 (.00, .02) 0.86 (.82, .90) 0.20 (.18, .23)
ACE 1,248.68 5,812.69 2282 0.75 (.67, .82) - 0.00 (.00, .07) 0.00 (.00, .02) 0.87 (.83, .91) 0.21 (.18, .24)
AE 1,246.20 5,812.20 2,283 0.75 (.68, .82) - - 0.00 (.00, .02) 0.87 (.83,.91) 0.21 (.18, .24)
Combined symptoms
ADE 1,263.71 5,827.71 2,282 0.34 (.08,.59) 041 (.17,.67) - 0.00 (.00, .04) 0.87 (.83,.91) 0.20 (.16, .22)
ACE 127534 5,839.34 2282 0.76 (.69, .84) - 0.00 (.00, .00) 0.00 (.00, .06) 0.87 (.83,.92) 0.21 (.16, .24)
AE 1,270.82  5,836.82 2,283 0.76 (.69, .84) - - 0.00 (.00, .05) 0.88 (.83,.92) 0.20 (.16, .24)
Self-report
Inattention
ADE 1,222.84 4,614.84 1,696 0.00 (.00,.00) 0.42 (.28,.51) - 0.02 (.00, .11) 0.66 (60, .73)  0.51 (.45, .59)
ACE 123832 4,630.32 1,696 0.36 (.26, .46) - 0.00 (.00, .04) 0.07 (.00, .18) 0.66 (.58, .72) 0.52 (.45, .60)
AE 1,235.08 4,631.08 1,698 0.36 (.26, .46) - - 0.07 (.00, .18) 0.66 (.59, .73) 0.52 (.45, .60)
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Table 10 continued

Model AIC —2LL df A D

Hyperactivity-impulsivity

ADE 1,279.13 4,671.13 1,696 0.00 (.00, .00) 0.33 (.16, .43) - 0.12 (.02, .23) 0.67 (.60, .73) 0.52 (.45, .60)

ACE 1,288.37 4,680.37 1,696 0.27 (17, .37) - 0.00 (.00, .00) 0.18 (.07, .29) 0.67 (.60, .73) 0.52 (.46, .60)

AE 1,285.94 4,681.94 1,698 027 (17, .37) - - 0.18(.08, .29)  0.67 (.60, .73) 0.52 (.45, .60)
Combined symptoms

ADE 1,216.89 4,608.89 1,696 0.00 (.00,.00) 0.38 (.24, 48) - 0.10 (.01, .20) 0.69 (.63, .76) 0.47 (.41, .54)

ACE 1,230.02 4,622.02 1,696 0.32(22, 42) - 0.00 (.00, .00) 0.16 (.06, .27) 0.69 (.63, .75) 0.48 (.41, .55)

AE 1,235.08 4,623.43 1,698 0.32 (.22, 42) - - 0.16 (.06, .27) 0.69 (.62, .76) 0.47 (.41, .55)

AIC Akaike Information Criterion, —2LL —2 x log-likelihood, df degrees-of-freedom. Best fitting models are indicated by non-significant
change in —2LL when parameters are dropped from the model using Chi square distribution with 1 df
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