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ABSTRACT:

Attention deficit hyperactivity disorder (ADHD) is a discrete clinical syndrome characterized
by the triad of inattention, hyperactivity, and impulsivity in the context of marked
impairments. Molecular genetic studies have been successful in identifying genetic variants
associated with ADHD, particularly with DSM-IV inattentive and combined subtypes.
Quantitative trait locus (QTL) approaches to linkage and association mapping have yet to be
widely used in ADHD research, although twin studies investigating individual differences
suggest that genetic liability for ADHD is continuously distributed throughout the population,
underscoring the applicability of quantitative dimensional approaches. To investigate the
appropriateness of QTL approaches, we tested the familial association between 894
probands with a research diagnosis of DSM-IV ADHD combined type and continuous trait
measures among 1,135 of their siblings unselected for phenotype. The sibling recurrence
rate for ADHD combined subtype was 12.7%, yielding a sibling recurrence risk ratio (A,) of
9.0. Estimated sibling correlations around 0.2-0.3 are similar to those estimated from the
analysis of fraternal twins in population twin samples. We further show that there are no
threshold effects on the sibling risk for ADHD among the ADHD probands; and that both
affected and unaffected siblings contributed to the association with ADHD trait scores. In
conclusion, these data confirm the main requirement for QTL mapping of ADHD by
demonstrating that narrowly defined DSM-IV combined type probands show familial
association with dimensional ADHD symptom scores amongst their siblings.

Key WoORDS: attention deficit hyperactivity disorder (ADHD); quantitative trait locus (QTL);
linkage study; quantitative genetics; DF analysis

INTRODUCTION:

Attention deficit hyperactivity disorder
(ADHD) is a common and heritable
disorder that starts in early childhood and
is characterized by developmentally
inappropriate levels of hyperactive,
impulsive, and inattentive behaviors
accompanied by psychosocial
impairments. The disorder is known to
aggregate in families, with recent
estimates suggesting a four to six-fold
increase in the risk for ADHD among first-
degree relatives of ADHD probands
[Faraone et al.,, 2000; Brookes et al.,
2006a). Twin studies using parent and
teacher rated ADHD symptom scales
demonstrate the predominant role of
genetic factors with heritability estimates
in the range 60-90% [Thapar et al., 1999;

Faraone et al.,, 2005]. Molecular genetic
studies using candidate gene association
approaches have yielded positive findings
with dopamine and related monoamine
neurotransmitter genes, in particular with
genetic variants of the dopamine
transporter, dopamine D4 and D5
receptor genes [reviewed in Asherson and
The Image Consortium, 2004; Faraone et
al., 2005; Brookes et al., 2006b; Li et al.,
2006; Asherson et al., 2007]. Linkage
studies using affected sib-pair or extended
pedigree approaches have identified
chromosomal regions containing putative
risk alleles for ADHD [Fisher et al., 20023;
Bakker et al., 2003; Ogdie et al., 2003,
2004, 2006; Arcos-Burgos et al., 2004;
Hebebrand et al., 2006].

In most cases association and linkage



studies have used operational diagnostic
criteria to define ADHD cases, or to classify
affected pedigree members. Dichotomous
classification of affection status is based
on symptom checklist, pervasiveness, age
of onset, and functional impairment
criteria. In contrast to such all-or-none
diagnostic categories, community cohorts,
and twin samples have measured ADHD
symptoms using dimensional symptom
scales and demonstrated individual
differences as continuously distributed
guantitative traits. These studies suggest
that genetic risk factors for ADHD also
influence levels of ADHD symptoms
through-out the population, implicating
the existence of quantitative trait loci
(QTLs) [see Stevenson et al., 2005]. QTLs
refer genetic loci that contribute to
guantitative individual differences. |If
proven, applying quantitative trait loci
(QTL) approaches to genetic linkage and
association studies would provide an
alternative strategy to the use of
diagnosed cases alone, with a potential
gain in statistical power [Sham, 2002].

The key issue in determining whether
QTL approaches are applicable to ADHD
hinges upon the question of whether
ADHD cases represent the extreme of the
continuous distribution of ADHD sympt-
oms scores in the population. An analogy
is hypertension where those with high
blood pressure represent the extreme of a
continuously distributed trait.

This article argues that previous
evidence supporting the use of QTL
approaches for the genetic investigation
of ADHD has been mainly inferential, since
population twin samples have not applied
operational diagnostic criteria to define
““caseness’” and have relied on continuous
measures using rating scale data. We
address this by using a sample of probands
fulfilling research diagnostic criteria for
combined type ADHD (ADHD-CT) and by
investigating the association of ADHD

symptom scores among their siblings,
thereby bridging the gap between the
“discrete disorder” and ‘“quantitative
dimension’” paradigms.

Evidence from Clinical Samples,
Community Cohorts, and Twin Data:

There are 3 different phenotypic
models, which could affect the application
of QTL approaches: (i) discrete all-or none
clinical syndrome (Model 1); (ii) discrete
threshold effect (Model 2); and (iii)
guantitative variability in the entire
population (Model 3). Model 1 s
analogous to Down syndrome [MIM
190685] in causing mental retardation,
where it is self-evident that chromosomal
abnormalities do not  significantly
contribute to the genetic variation of
cognitive ability in the general population.
Model 2 is analogous to the findings from
a study on Specific Language Impairment
(SLI) [Dale et al.,, 1998]. Genetic factors
were found to account for 25% of the
variance in vocabulary abilities across the
entire distribution of the twin sample.
However, DeFries and Fulker (DF)
extremes analysis of the bottom 5% of the
same sample revealed a group heritability
estimate of about 73%. The implication of
this finding is that genetic influences
acting on the extreme phenotype may not
play any role in influencing individual
differences within the normal range of
language development [Fisher, 2002b]. A
QTL approach applied to the normal range
of language development is unlikely to
detect genes responsible for SLI, which
represents a qualitatively distinct extreme
group demarcated by a specific threshold.
Model | implies a ‘“genetic syndromal
entity” effect, whereas Model 2 indicates
a “discrete threshold” effect. Both render
QTL approaches inappropriate.

Several lines of published evidence
suggest that ADHD symptoms do indeed
represent quantitative variability through-
out the entire population (i.e., Model 3).



First, population twin studies have found
similar high estimates of heritability using
categorical diagnoses [Sherman et al.,
1997a] and quantitative rating scale
measures of ADHD symptoms [Edelbrock,
1986; Biederman et al., 1993; Chen et al,,
1994; Boyle et al., 1997; Sherman et al,,
1997b]. Second, nearly all twin data have
defined ADHD dimensionally in terms of
symptom scores [Thapar et al., 2006] and
have shown that the genetic contribution
to ADHD operates across the continuum
and exerts a similar influence to those
acting on individuals with extreme ADHD
scores [Levy et al., 1997]. Third, putative
environmental risk factors and prediction
of adverse outcomes in epidemiological
cohorts demonstrates a dose-response
relationship with dimensional ADHD
symptoms scores. For example, maternal
smoking in pregnancy is associated with
ADHD and also influences levels of ADHD
symptoms throughout the population
[Thapar et al., 2003]. Longitudinal studies
based on community cohort samples have
also reported association between
antisocial behavior and maladjustment
across ADHD severity scores [Wallander,
1988; Farrington et al., 1990; Fergusson
and Horwood, 1995; Taylor et al., 1996]. In
longitudinal follow-up studies, the adverse
outcomes predicted by dimensionally
defined “severity” were similar to those
predicted by clinically defined ‘“ADHD
cases” [reviewed in Chen and Taylor,
2005]. Thus disparate strands of evidence
converge to suggest that ADHD represents
the extreme of a quantitative trait in the
population.

The most direct test of the QTL model
for ADHD is the multiple regression twin
method proposed by De Fries and Fulker
(DF).  DF-analysis  estimates  group
heritability from the differential regression
of to the population mean of trait scores
in the co-twins of monozygotic (MZ) and
dizygotic (DZ) co-twin pairs; where the
twin probands are selected for extreme

scores [DeFries and Fulker, 1985, 1988].
Twin studies using this approach found
similar heritability estimates for ADHD
traits to those derived by univariate
analysis of individual difference even
when different thresholds were applied to
define the proband group [Gillis et al.,
1992; Stevenson, 1992; Gjone et al., 1996;
Levy et al., 1997; Price et al., 2001]. For
example, Price et al. [2001] in a population
twin study of 6,000 pre-school twins found
individual differences heritability ranging
from 0.79 to 0.83; and group heritability
estimates for the most hyperactive 5%,
10%, and 27% ranged from 0.83 t0 0.93. In
another study, Gjone et al. [1996] investi-
gated whether the heritability of attention
problems increased with their severity. If
cases at the extreme end of the dimension
represent a discrete disorder and if
recurrence of discrete ADHD cases in co-
twins accounts for the heritability of
attention and hyperactivity/impulsivity
problems, then we would expect to see
estimates of heritability change with
changes in the severity threshold.
However, heritability did not change with
severity. The authors therefore concluded
that there was in the population a
continuously distributed dimension of
genetic liability to attention problems.
Similarly, in a community twin sample
with  learning  difficulties, extreme
inattention and hyperactivity/impulsivity
scores were found to be attributable to
genetic  influences  across  varying
diagnostic cut-offs [Willcutt et al., 2000].
Other authors reached similar conclusions
[reviewed in Willcutt, in press; Stevenson
et al, 2005]. Data derived from DF
analyses of twin samples therefore
provide more precise evidence that there
is no demonstrable threshold effect
demarcating extreme groups.

Differences between Clinical Samples and
Twin Data:

Clinical samples used in most molecular



genetic studies of ADHD have differed
from twin studies in four important ways.
First, most twins are ascertained from
non-referred community populations;
whereas “disorder” cases are recruited
from specialist clinics and are thus
subjected to referral and ascertainment
biases, that is, referred cases are typically
more severe and more likely to have
comorbid conditions compared with non-
referred cases. Second, the prevalence of
such clinical cases is relatively low, around
1.5-5% in the general population, while
most DF twin analyses typically utilized
top 5-30% cut-offs to define extreme
probands. The “‘extreme group” in twin
samples thus contains milder or sub-
threshold cases which would not meet
syndromal criteria and dilute the power to
detect “discrete effects.” Furthermore,
published community twin studies have
sample sizes ranging from about 200 pairs
to 2000 pairs. Assuming a population
prevalence of ADHD of 5%, a typical twin
sample would yield between 10 and 100
cases. Thus smaller twin samples are
unlikely to contain sufficient ADHD cases
for meaningful analysis. Among the larger
community twin cohorts with sample sizes
in thousands there were none that used
operational diagnostic criteria and gold-
standard diagnostic instruments.

Third, twin studies of ADHD have not
included the age of onset, pervasiveness,
or impairment criteria used in diagnostic
definitions. Indeed, Canino et al. [2004]
found important differences in prevalence
dependent on inclusion of impairment as a
diagnostic criterion. A survey in Newcastle
found that prevalence was 11% for the
syndrome with no impairment, 6.7% when
associated with moderately low
impairment, 4.2% for moderate
impairment, and 1.4% for severe pervasive
impairment [McArdle et al., 2004].
Embodied in the taxonomy of clinical
syndromes is the “gestalt’”’ paradigm. It is
the unique constellation of several co-

occurring cardinal features that
characterizes a clinical syndrome, rather
than one-dimensional additive scores.
Thus, syndromal cases of ADHD
ascertained by stringent methods and
narrow definitions may represent an
etiologically distinct entity.

Fourth, in diagnostic studies, ADHD
cases are usually diagnosed using
investigator-based or structured
interviews performed by trained assessors
following strict protocols. Such interview
methods can minimize the influence of
reporter bias. On the other hand, ADHD
dimensional scores in twin studies are
completed by untrained reporters using
simple rating scale measures, and as a
consequence are more prone to
misinformation and misclassification.

Evidence in support of QTL approaches
for the genetic study of ADHD has so far
been inferred from indirect evidence
derived from community twin data. It is
however inferential in so far as there
hitherto lacks direct empirical evidence,
which can bridge the “discrete disorder”
and “quantitative dimension”’ paradigms.

Here we report on familial correlations
for ADHD symptom scores in a set of 894
families from the International Multi-
center ADHD Gene project (IMAGE), which
includes a methodological design encom-
passing the above two paradigms. We test
for evidence of an overall shift in the
distribution of ADHD symptoms in siblings
related to ADHD clinical cases defined by
diagnostic interviews. We test the hypoth-
esis that siblings of ADHD probands will
show similar sibling correlations to those
reported in dizygotic twins from popul-
ation samples. We also test whether an
overall shift in mean scores is influenced
by recurrence of discrete ADHD cases in
the siblings.

SUBJECTS AND METHODS:
Subjects



The IMAGE project is an international
collaborative study that aims to identify
genes, which increase the risk for ADHD
using a combination of affected case and
QTL linkage and association strategies.
Subjects were recruited from 12 specialist
clinics in 8 European countries: Belgium,
Germany, Holland, Ireland, Israel, Spain,
Switzerland, and United Kingdom. Both
probands and siblings were required to be
between the ages of 5-17, 1Q_70, of
European Caucasian descent and have
access to at least one biological parent
willing to provide DNA. Entry criteria for
the probands are a clinical diagnosis of
DSM-IV “combined subtype” of ADHD
(ADHD-CT) and having one or more full
siblings aged 5-17 available for
ascertainment of clinical information and
DNA collection. Exclusion criteria applying
to both probands and siblings include
autism, epilepsy, general learning
difficulties, brain disorders and any
genetic or medical disorder associated
with externalizing behaviors that might
mimic ADHD.

Both existing and de novo diagnosed
patients were recruited following clinical
evaluations by a pediatrician or child
psychiatrist in the recent past. Wherever
possible, families withdraw stimulant
medication for one week prior to research
assessment to allow for more accurate
ascertainment of information on recent
ADHD symptom characteristics and
severity. Alternatively, we ensure as far as
possible that ratings are based on
medication free periods. Probands were
excluded from the study if the last
medication free period was more than 2
years ago or if they did not reach current
DSM-IV criteria of ADHD-CT.

Clinical Measures - Parental account of
childhood symptoms, PACS.

The PACS interview was conducted
with the parents of probands with a
clinical diagnosis of ADHD as well as

siblings who were thought on the basis of
parents descriptions of behavior to have
ADHD. PACS is a semi-structured,
standardized, investigator-based interview
developed as an instrument to provide an
objective measure of children’s behavior
[Taylor et al., 1986a,b, 1987; Chen and
Taylor, 2006]. A trained interviewer
administered PACS with parents, who
were asked to for detailed descriptions of
the child’s typical behavior in a range of
specified situations. Such situations were
defined either by external events (e.g.,
watching television, reading a book or
comic, playing alone, playing with friends,
traveling, family outings, shopping trips,
parental report of school problems) or by
behaviors shown (e.g., crying, worries,
tempers, fighting with siblings).
Interviewers then made their own ratings,
on the basis of a formal training and
written definitions of the behaviors to be
rated, on a 4-point scale of severity and
frequency in the previous week and
previous year. Inter-rater reliability was
high with product-moment correlations
for pairs of interviewers ranging from 0.79
to 0.96 ([Taylor et al., 1986a]. PACS
includes several subscales. Hyperactivity:
this subscale is made up of attention span
(time spent on a single activity, rated
separately for four different kinds of
activity), restlessness (moving about
during the same activities), fidgetiness
(movements of parts of the body during
the same activities), and activity level
(rated for structured situations such as
mealtimes). Defiance: this subscale is
composed of items concerning temper
tantrums, lying, stealing, defiance,
disobedience, truancy, and destructive-
ness. Emotional Disorder: this subscale is
made up of items of misery, worrying,
fears, and somatic symptoms that
describe overt emotional stress rather
than inferences concerning the emotional
basis of symptoms. Comorbid and other
problems: this section elicits symptoms of



autistic spectrum disorders, attachment
disorders, manic episode, substance
abuse, psychotic symptoms, obsessive-
compulsive symptoms, and other specific
developmental disorder and neurological
conditions.

All interviewers of the IMAGE project
from each site attended a 5-day PACS
training course in the UK. Each site further
nominated a chief investigator who
attended annual inter-rater reliability
exercises. For sites with more than one
interviewer, the local chief investigator
undertook further inter-rater reliability
checks regularly. A mean kappa coefficient
across all the sites of 0.88 (range 0.71-
1.00) and an average agreement
percentage of 96.6% (range 78.6—100)
were obtained indicating a substantial
level of inter-rater agreement. Concurrent
validity of PACS diagnosis is confirmed by
the point-biserial correlation between
PACS diagnosis of ADHD-CT with Conners
Teacher N-scale (18 DSM-items) scores at
0.68 and with Conners’ Parent N-scale
scores at 0.78.

Rating scales

Rating scales measures were applied to
both ADHD cases and their unaffected
siblings. These included the Long Version
of Conners’ Parent Rating Scale (CPRS-R:L),
Long Version of Conners’ Teacher Rating
Scale (CTRS-R:L) [Conners, 2003], parent
version of the Strengths and Difficulties
Questionnaires (SDQ) and teacher version
of the SDQ [Goodman, 1997;
Rothenberger and Woerner, 2004]. The
Hyperactivity scale of the SDQ consists of
five items. The N-subscale of CPRS and
CTRS consists of 18 items compatible with
the DSM-IV ADHD checklist of 18
diagnostic criteria. The N-score is the
summary score of two subscales L
(inattentive - 9 items) and M (hyperactive-
impulsive - 9 items). Missing data in
Conners’ L and M subscales were pro-
rated separately if seven or more items

were present (i.e.,, more than 75%
completion for each of the L and M
subscales). This preserved independence
of these two factors when pro-rating
Conners’ Scales for missing items.

For both the CPRS and CTRS the
summary N-scores were transformed into
T-scores by mapping raw scores on the
appropriate  CPRS-R  profile  forms
[Conners, 2003]. Conners T-scores are
standardized for gender and age groups
with the same mean (i.e.,, 50) and
standard deviation (i.e., 10) for each
subgroup based on tables of normative
data. For example, a 6-year-old male with
a raw score of 33 in the N-subscale of the
CPRS vyields the same T-score of 70 as a
16-year-old male with a raw score 24 and
a 16-year-old female with a raw score of
19. For the SDQ Hyperactivity scale we
carried out a comparable procedure by
obtaining age and gender standardized
profile tables for T-scores transformation
from Professor Robert Goodman [personal
communication].

In order to exclude autism spectrum
disorders that might confound the analysis
of ADHD, both probands and siblings were
screened using the Social Communication
Questionnaire [Eaves et al., 2006] (>15) in
conjunction with the pro-social scale from
the SDQ (<4). Cases falling outside these
thresholds were further evaluated using
the autism spectrum disorder section of
the PACS interview.

Cognitive ability

Both probands and siblings were
screened for global learning difficulties
with pro-rated full 1Q scores derived from
four subtests of the Wechsler Intelligence
Scale for children [Children WISC-IIIUK;
Wechsler, 1991]: picture completion,
block design, similarities, and vocabulary.
Individuals with pro-rated 1Q lower than
70 were excluded from this analysis.

DSM-IV diagnoses



All raw data within the IMAGE project
was centralized and stored on a database
at the London site. An algorithm was used
to derive each of the DSM-IV ADHD
symptoms from the PACS interview data
and these were combined with items that
scored 2 or more from teacher ratings of
DSM-IV items taken from the Connors
rating scale. The diagnosis of ADHD was
made if sufficient items were identified to
fulfill  DSM-IV  criteria, and both
impairment (based on severity of
symptoms identified in the PACS
interview) and pervasiveness (based on
the presence of ADHD symptoms in more
than one setting from PACS and scoring
one or more items on the teacher
Connors) were present. Since low teacher
ratings for ADHD probands can occur
when children are stably maintained on
medication at school, situational
pervasiveness outside the home setting is
also captured in the PACS interview. In 28
cases where no Conners data was present
pervasiveness was defined on the basis of
PACS data alone.

STATISTICAL METHOD:
Calculating Group Familial Correlations (rg)

CPRS, CTRS, and SDQ T-scores were
used to estimate the group familial
correlations (rg) between trait liability and
the clinical disorder using a method
modified from DeFries—Fulker regression
analysis [Purcell and Sham, 2003]: rg =
(sibling mean - population mean)/
(proband mean — population mean). Data
transformation and analyses were carried
out using STATA 8 [2003]. The rg statistic
provides an estimate of the sibling
correlations and is comparable to sibling
correlations derived from population
samples. Given both Conners’ and SDQ are
standardized using community samples
with a mean of 50, we used a T-score of 50
as the population mean. The Conners’
scores are standardized using a North
American Caucasian population and

Conner reported that “when age and sex
were taken into account, there were no
differences between ethnic groups, or the
differences were very small in magnitude”
[Conners, 2003].

To guard against the possibility that the
control data from North America does not
match our European sample, we carried
out further analysis using control data
from a UK population twin sample [Martin
et al., 2002]. The raw scores for 232 pairs
of DZ twin pairs were transformed into T-
scores according to the Conners’ standard-
ization tables. We then tested the
hypothesis that means derived from the
total ADHD symptom scale for twin 1 and
twin 2 would be close to 50 if the Conners’
standardization tables were applicable to
the UK population. The tested means for
teachers’ Conners’ were 50.33 (95% Cl =
49.26-51.41) for twin 1 and 50.88 (95% ClI
=49.26-51.41) for twin 2.

The confidence intervals for the group
sibling correlations (rg), as a quotient of
two random variables, were calculated
using the following equations [Mood et
al., 1974]:

E(X/Y) =Q(1 + R(Y) - C(X,T) (1)
Var (X/Y) = Q4(R(X) + R(Y) = 2C(X,Y) (2)

where X = means of siblings’ scores, Y =
means of probands’ scores, Q = E(X)/E(Y),
R(X) = Var (X)/(E(X))*, R(Y) = Var (Y)/(E(Y))’,
C(X,Y) = Cov (X, Y)/(E(X) E(Y)), E(X)=2Xi/n,
Var (X)= £ X; > — (E(X))?, E(Y) = ZYi/n, Var (Y)
=3 Y= (E(Y))% Cov (X,Y) = £X; — E(X) E (Y)).

RESULTS:
Sample and Measures

The dataset used in this analysis
consisted of 894 probands with DSM-IV
ADHD combined subtype diagnosis and
1,135 of their siblings unselected for
phenotype. Eighty-seven percent of the
ADHD probands were male, compared to
52% of the siblings. The age range for both
probands and siblings was between 5 and



17 vyears, with the mean age of 10.9
(SD%2.7) for probands and 10.9 (SD = 3.3)
for siblings.

For prorating Conners’ scales, 675 of
894 (75.5%) families returned fully
completed parent and teacher Conners’
for both children. Of the remaining
families, 193 (21.6%) had one of the 4 sub-
scales prorated, 17 (1.90%) had two of the
4 sub-scales prorated and 9 (1.0%) had 3
or 4 prorated. Families having any missing
data in the hyperactivity scale of the SDQ
or having 25% or more missing data in
Conners’ subscales were excluded from
this analysis. Fifty-six subjects were
excluded, yielding 894 probands and 1,135
siblings with complete data used in this
analysis.

Sibling Concordance for DSM-IV ADHD
Combined Subtype

We identified 103 male siblings and 41
female siblings who fulfilled the same
strict research criteria for ADHD-CT as the
probands. This gave an overall sibling
recurrence rate of 12.7% (144/1,135) (95%
Cl: 10.8-14.7). When compared to recent
estimates of the population prevalence in
the UK using similar criteria for ADHD-CT
[Ford et al.,, 2003], this generated an
overall sibling recurrence risk ratio (Asip)
for the ADHD-CT of 9.0 (12.7/1.41) (95%
Cl: 7.7-10.4).

We then tested for the effect of
proband severity on sibling recurrence
rate, by sub-fractionating the probands
into quintile groups according to severity
based on the average of the standardized
ADHD scores across the four subscales.
We computed the rates of ADHD-CT in
siblings related to the 5 strata of
probands. The sibling recurrence rates
were 13.4% (95% Cl: 9.5-18.2), 8.4% (95%
Cl: 5.1-13.0), 11.6% (95% Cl. 7.7-16.7),
16.8% (95% Cl: 12.2-22.3), and 12.7%
(95% Cl: 8.6—17.7) with increasing severity
in proband quintile groups. There was no
significant difference between the groups

(x2(4) =7.4226, P =0.115) and no evidence
of an effect or a trend that proband
severity affects concordance rates.

Group Familial (sibling) Correlations
(rg)

For parent rated CPRS N-subscale
scores (containing scores of 18 DSM-IV
items), the proband mean was 77.1 (95%
Cl: 76.6-77.7) and the sibling mean was
55.6 (95% Cl: 54.9-56.4). For teacher
rated CTRS N-subscale scores, the proband
mean was 70.2 (95% Cl: 69.5-70.9) and
the sibling mean was 56.0 (95% Cl: 55.3—
56.7). Table | summarizes the estimated
sibling correlations for the parent and
teacher rated ADHD symptom scores from
the SDQ and Conners’ scales. Sibling
correlations for the four scales examined
in the IMAGE sample were comparable
with those reported in community twin
studies. With the exception of the parent
rated SDQ, this indicates a shift in the
mean ADHD scores from the population
mean in the siblings of ADHD probands,
consistent with a familial association
between proband diagnosis and ADHD
symptoms among their siblings.

We further tested whether the shifts in
the overall means of the sibling population
can be explained by the increased rate of
ADHD cases among siblings, rather than a
mean shift in the overall sibling
distribution.  Figure 1 shows four
histograms illustrating the distribution of
ADHD symptom scores amongst siblings
and probands for the CPRS and CTRS (N-
subscales). Visual inspection of these plots
shows no apparent discrete “humps”
(representing discrete cases) indicating
possible bimodality of the phenotypic
data. A minority of probands has low
rating while their behaviors were rated on
medication.

In order to test for possible proband
threshold effects on the familial
association with sibling ADHD scores, we
sub-classified the siblings into five groups
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TABLE 1. Group-Sibling Correlations (rg) with 95% Confide Intervals

IMAGE Study Results Published Rapan
Twin Literature

Group-sibling Weighted mean
Correlations (rg) 95% ClI P-value roz

Teacher Connors 0.30 0.22-0.37 <0.001 0.36

(Long scales)

Teacher SDQ 0.31 0.20-0.42 <0.001 0.28

(Short scales)

Parent Conners 0.21 0.16-0.25 <0.001 0.28

(Long scales)

Parent SDQ 0.03 -0.01-0.07 .148 -0.03

(Short scales)

The rg statistic represents the familial correlatietween DSM-IV subtype probands and ADHD
symptoms scores among their siblings. The meanghtezl by sample size of DZ twin correlations
(rDZ) estimated from published population twin d@fable 2) are listed for comparison. Studies are
grouped into those using long scale$( items) and short scaless(items).

og

o
2
g 5
a] &
= =
& o
P =
=% = od B
0 i 70 0 40 50 & 0 10 70 I a0 £ ]
Teadher rated N subscae scores (Corners) in 3kiings Farent raed N subscale scores (Coners) inSibings
’ = |
=4 S
= 4
=
2
&
o |
(=]
o -
T T T T
o] (9] Q i8]

n L 30 40 =0 _ia 20 30 <40 20
Parent rating N subec de s2oes {Conners) in Probands Teadver raingM subts @le soores (Conners) in Fobands
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according to the severity of their related
probands. The probands were first sub-
fractionated into quintile groups according
to their severity based on the average of
the standardized ADHD symptom scores
for the four subscales, and their quintile
status were then linked with their related
siblings. Figure 2 shows the mean scores
for the five subgroups of related siblings.
We hypothesize that differences in
siblings’ means would be detected if
familiality were mainly driven by more
severe probands. The sibling subgroup
means were estimated using regression
methods rather than ANOVA because of
unequal variances. Bartlett’s tests for
parent rated CPRS N-subscale scores was
significant (x° (4) = 18.2, P = 0.001; SD
were 12.5, 12.2, 12.8, 15.3, and 14.5 for
siblings related to proband quintile groups
of increasing severity). Ninety-five percent
confidence intervals were thus estimated
based on the sandwich or Huber/White
variance  estimator  [Rogers, 1993;
Williams, 2000] available in STATA 8
[2003], which is robust to violation of the
equal variance assumption used in
ANOVA. All 95% confidence intervals
overlap as shown in Figure 2 and no
proband severity threshold effect or a
trend of such effect could be detected.

We further tested whether the
association between proband diagnosis
and sibling ADHD scores could be
explained by the increased recurrence rate
for ADHD among siblings of ADHD
probands. In Figure 2, the mean ADHD
scores for the entire set of siblings (solid
lines) within each proband subgroup are
significantly different from the
standardized population mean of 50.
When we removed ADHD cases from the
sibling groups (dotted lines) the mean
scores of the non-ADHD siblings remained
significantly different from the population
mean. The overall mean of the subsample
of non-ADHD siblings was 53.1 (95% ClI:
52.3-53.8) for parents’ CPRS scores

(compared with 55.6 (95% Cl: 54.9-56.4)
for the entire sibling sample) and 54.3
(95% Cl: 53.5-55.0) for teachers’ CTRS
scores (compared with 56.0 (95% Cl: 55.3—
56.7) for the entire sibling sample). This
indicates that the shift in sibling scores for
the population mean is not driven entirely
by the increased sibling recurrence rate of
ADHD, since the sibling means do not
regress fully back to the population mean
after the removal of sibling ADHD cases.
This provides further support for the
guantitative trait model of ADHD.
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Figure 2. Means of parent and teacher rated
Conners N-scores for sibling of ADHD
probands. Related probands were grouped into
quintile strata based on proband’'s ADHD
symptom severity. Error bars represent 95%
confidence intervals. Significant differences in
the means are seen between the population
mean (dashed line) and the siblings’ means,
whether based on the entire set of siblings
(filled line), or based on a subset on non-
ADHD siblings (dotted line).



Discussion:

There are four key findings in this
study. First we replicated previous findings
of increased recurrence risk of ADHD-CT in
siblings of ADHD-CT probands. Second, our
results demonstrated an overall shift in
the distribution of dimensional ADHD
symptom scores from population means
among the siblings of ADHD-CT probands.
This indicates that there is a familial
association between the discrete category
of ADHD-CT cases (represented by the
probands) and the continuous dimension
of ADHD symptom ratings (represented by
their siblings). The estimated sibling
correlations from this study were very
similar to those derived from the analysis
of fraternal twins in population twin data.
Third, inspection of the proband and
sibling ADHD distributions showed no
apparent bimodality, which would have
suggested a discrete disorder rather than
a continuous trait. Finally, we specifically
tested for discrete threshold effects by
sub-classifying  siblings according to
severity of ADHD scores among their
related probands. There was no evidence
of threshold effects based upon proband
severity, influencing either the recurrence
rates of ADHD cases among siblings or
dimensional ADHD scores. Even when
ADHD cases were removed from the
sibling group, a distributional shift in
ADHD symptoms from the population
mean still remained among the unaffected
ADHD siblings. The overall shift in the
mean ADHD score for siblings of DSM-IV-
CT probands could therefore not be
explained only by the increased
concordance rate of the clinical disorder
among siblings. Therefore, our findings
show no evidence for a discrete process
that demarcates ADHD from quantitative
traits.

The sibling relative risk ratio (Asp) for
ADHD-CT identified in this study is higher
than previous estimates for broad ADHD

[Faraone et al., 2000]. This may suggest
that application of strict operational
criteria to the selection of DSM-IV ADHD-
CT probands defines a more familial
clinical group, perhaps with greater
genetic loading. The Ap-values are the
ratio of the prevalence among siblings to
that in population controls and therefore
tend to be lower for more common
disorders. The previous estimate for broad
ADHD used an estimated sibling
recurrence rate of 20.0% while the control
rate used was 5.0% [Faraone et al., 2000],
yielding a A, of 4.0; whereas our sibling
recurrence rate for ADHD-combined type
was 12.7% and the control rate used was
1.41%, yielding a A, of 9.0. Since we did
not include a control sample in this study,
we can only estimate the population
prevalence from a large epidemiological
study in the UK [Ford et al., 2003]. As a
result, the A, estimates in this study can
only be taken as an approximate guide.

While a familial association between
“ADHD syndrome” and “ADHD symptom
scores’”’ among siblings may appear to be
self-evident by inference from the
preceding literature, there is in fact little
data that provides a direct empirical
evaluation of this. Indeed uncertainty over
the possible links between the clinical
disorder and normal variation of ADHD
scores in the general population has
recently been raised [Thapar et al., 2006]
and some alternative models such as
genetically distinct latent classes have
been suggested [Todd et al., 2001]. Our
findings therefore provide direct empirical
evidence which bridge the gap in
published literature.

The data presented here address two
main  methodological limitations of
previous twin studies. First, when
considering the applicability of QTL
approaches to genetic studies of ADHD it
is important to provide empirical
confirmation of the core assumption, that



genetic influences on ADHD are not
restricted to an increased rate of clinical
cases among siblings (i.e., increased case
concordance). There would need to be an
overall shift in the distribution of sibling
ADHD symptoms similar to that seen in
population twin samples. This
confirmation can only be provided by
datasets with two distinct design features:
(1) dual ascertainment of clinical cases and
related affected and unaffected siblings;
and (2) dual information ascertainment of
dimensional behavioral measures (from
rating scales) and categorical classification
(from gold-standard diagnostic inter-
views). The data presented in this study
fulfil both conditions.

Previously, dual information from
rating scales (by teachers) and from
structured diagnostic interview (by parent)
was simultaneously available in only one
twin sample [Sherman et al., 19973, b]. In
the first report, twin concordance and
tetrachoric  correlations  based on
diagnostic categories derived from teacher
and parent information were compared
[Sherman et al.,, 1997a]. In the second
analysis, dimensional factor scores derived
from principal-components analysis were
used. Though both categorical (structured
interview derived) and dimensional (rating
scale derived) data were available in this
sample, the authors have not specifically
tested for a bivariate relationship between
these two sets of measures. Our data
address this specific gap in the literature.

Second, published DF twin analyses
typically utilized top 5-30% cut-offs to
define extreme probands, while the
prevalence of syndromal ADHD cases is
comparatively low. The “extreme group”
in twin samples therefore usually contains
milder or sub-threshold cases, who would
not meet syndromal criteria and could
thereby dilute the power to detect
“discrete effects.” In this study we applied
a modified DF analysis to estimate the
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sibling correlation for parent and teacher
ADHD rating scale scores, using a large
sample of 894 narrowly defined DSM-IV-
CT probands and their siblings. The sample
has adequate statistical power,
comparable to larger twin samples. But
the probands were ascertained from
specialist clinics, and diagnosed based on
strict protocol and operational diagnostic
criteria. Siblings were not subject to any
type of phenotypic selection beyond the
major inclusion/exclusion criteria. The
methodological design of our study
therefore also addresses potential doubts
over the applicability of broadly defined
“extreme group”” used in twin DF analyses
to “ADHD syndrome” paradigm, thereby
bridging both “discrete disorder” and
“quantitative dimension” paradigms. The
current dataset thus fulfils the main
conditions required for an empirical
evaluation of the QTL model.

The sibling correlations estimated in
this study were very close to those
fraternal twin correlations reported in
population twin studies. In Table 2, we
grouped the published twin studies into
those that use short scales and those that
use long scales and calculated the average
DZ correlations weighted by sample size.
Review of DZ correlations reported in the
twin literature (as shown in Table 2) leads
to several conclusions. First, that sibling
correlations derived from teacher rated
measures are on average slightly higher
than those derived from parent rated
measures. Second, there is greater
variability amongst parent rated measures
including a number of studies with near
zero or negative correlations. Third, in
most cases parent rated measures using
long scales (i.e., DSM-IV checklists or
similar rating scales) yield higher sibling
correlations than those derived from short
scales (i.e., Rutter A and SDQ). All studies
using parent-rating scales with 6 or less
items report near zero or negative DZ
correlations, whereas this was not the



case in twelve studies that used parent
scales with 10 or more items. The reasons
for low or negative DZ correlations from
some parent rated scales has been
discussed previously, it can be explained
by parent rater contrast effects and
possible dominance effects that appear to
be far greater for short summary scales
than more detailed symptom checklists
[Eaves et al., 1997; Simonoff et al., 1998;
Martin et al., 2002].

In line with these above observations,
the estimated correlations from the
current IMAGE study are consistent with
the literature on DZ twin correlations
across all four scales used (see Table 1).
This finding provides additional support
that a carefully defined clinical group
fulfilling DSMIV criteria for ADHD-CT
shows a similar pattern of sib-correlations
to those derived from population samples.
The resemblance of our data to those
derived from twin studies is not merely on
a global level, but also borne out on
specific characteristics of different scales,
such as higher correlation detected for the
long teachers’ rating scale and lower
correlation for the short parents’ rating
scale.

Our conclusion on the basis of these
data is that DSM-IV ADHD-CT is likely to
represent the extreme of a continuously
distributed trait found in the general
population. These data provide empirical
evidence that supports the inference from
population twin data to ADHD cases. In so
doing they provide an empirical
justification for the use of QTL approaches
for the detection of genes that influence
the risk for ADHD.

Overall our findings indicate that QTL
linkage is expected to be a suitable
strategy for detecting ADHD liability genes
of moderate to large effect. We estimate,
for example, that a sample of 700
probands and their unselected siblings has
65—-75% power to detect a QTL accounting
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for 10% of the genetic variance and 30-
45% power for a 5% QTL. A larger sample
of 1,400 families would have 87-98%
power for a 10% QTL and 45-65% for a 5%
QTL. The sampling strategy used in the
IMAGE study is relatively easy to collect
compared to an affected sibling pair
strategy and further provides a powerful
dataset for both categorical and
quantitative trait approaches to
association analysis. To date only a few
ADHD studies have adopted QTL methods
for association [Mill et al., 2005; Curran et
al., 2005; Cornish et al., 2005] and this
strategy still needs to be confirmed by
actual findings of genes that increase risk
for ADHD.

LIMITATIONS:

Limitations of this study include the
focus on DSM-IV combined subtype
probands. We could therefore not
investigate the familial association of
sibling trait scores for the other ADHD
subtypes. Using a DF analysis approach
Willcutt et al. [2001] showed that both
inattentive and hyperactive-impulsive
symptoms were highly heritable when
probands were selected for either the
combined or inattentive  subtypes.
However, the heritability of hyperactive-
impulsive symptoms was substantially
lower and non-significant when probands
were selected for the hyperactive-
impulsive subtype. Todd et al. [2001] in
their analysis of a twin sample of
adolescent females, found that while
there was significant cross-concordance
between combined and inattentive
subtypes there was little  cross-
concordance between either of these and
the hyperactive-impulsive subtype. In
addition, using latent class analysis they
found evidence that different latent
subgroups, including groups separated on
the basis of severity of symptoms, tend to
breed true; perhaps reflecting the
influence of different sets of genes on



TABLE 2.

Summary Table of Published Dizygotic Twin Corredas (rDZ) from Population Twin Studies
using Parent and Teacher Rating Scales

References

Martin et al. [2002]
Thapar et al. [2000]
Coolidge et al. [2000]
Levy et al. [1997]
Sherman et al. [1997a, b]
Gjone et al. [1996]

Gjone et al. [1996]
Hudziak et al. [2003]
Rietveld et al. [2003]
Rietveld et al. [2003]
Rietveld et al. [2003]
Edelbrock et al. [1995]
Nadder et al. [1998]
Martin et al. [2002]
Kuntsi & Stevenson [2001]
Thapar et al. [2000]
Thapar et al. [1995]

Par ent rated measure

Conners’ (10 items)
Du Paul (18 items)
CPNI (18 items)
BRS (14 items)
DICA (20 items)
CBCL (age 5-9)
CBCL (age 12-15)
CBCL
CBCL (age 7)
CBCL (age 10)
CBCL (age 12)
CBCL

Number of DZ pairs
378
74,1
42
555

93

161

228
271

1,630

1,507

772
82

Telephone interview (6nig} 523

SDQ
Conners’ (4 items)
Rutter A
Rutter A

Goodman & Stevenson [1989] Rutter A

References

Martin et al. [2002]

Kuntsi & Stevenson [2001]
Sherman et al. [1997a, b]
Simonoff et al. [1998]
Nadder et al. [2002]
Thapar et al. [2000]

Martin et al. [2002]

Teacher rated measure

378
4 6
1,185
168
106

Number of DZ pairs

Conners’ (10 items)

Conner’s (7 items)

837
64

Combined Conners'+eRigt93
Combined Conners’'+ Rueb01
Combined Conners’+ Ruie?260

Du Paul
SDQ

Goodman & Stevenson [1989] Rutter B

807
378
90

rDZ

0.25
0.32
0.18
0.49
0.31
0.20a
0.40a
28.
0.21a
0.26a
0.27a
0.29
-0.08
.00
-0.01
-0.01
0.02a
-0.08
rDZ
0.38
0.37b
0.49
0.26¢
0.30
0.42
29.
0.26

a Average of rDZ cited separately for same-sex nsdme-sex female and opposite sex twin pairs.

b Average of rDZ for hyperactive/impulsive and ieative subscales.

¢ Average of rDZ for same and different teacher sahe-sex male, same-sex female and opposite

sex twin pair groups.



different ADHD subgroups in the
population. These findings appear to be
robust since they replicated in a sample of
Australian twins [Rasmussen et al., 2004]
and appear to provide somewhat
conflicting conclusions to those drawn
from the analysis of ADHD as a
guantitative trait. Finally, molecular
genetic analysis of the dopamine D5 gene
found that the association with ADHD was
equally significant for both the combined
and inattentive subtypes, but was not
significant for a group of hyperactive-
impulsive probands [Lowe et al., 2004].
Given the limited resources, it was also
not feasible to recruit a sufficiently large
control group that can yield accurate
prevalence rate for ADHD-CT. To ascertain
accurately such a prevalence rate (around
1.5%) will involve surveying a sample of
10,000-80,000 subjects across eight
countries, which represent an undertaking
beyond the scope of a genetic study. We
therefore utilized estimates of population
norms and population prevalence from
existing data of published epidemiological
samples. A low prevalence would inflate
the estimated A, while a high prevalence
rate will do the reverse.

CONCLUSION:

In conclusion, our analysis suggests that
the IMAGE sample of probands and
siblings, ascertained via DSM-IV combined
subtype probands who were recruited
from specialist ADHD clinics, can be used
for QTL analysis. The familial correlations
between DSM-IV ADHD-CT probands and
sibling ADHD-trait scores are similar to
those estimated from population studies
using continuous rating scale data alone.
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