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Context: The study and treatment of psychiatric disor-
ders is made difficult by the fact that patients with iden-
tical symptoms often differ markedly in their clinical fea-
tures and presumably in their etiology. A principal aim
of genetic research is to provide new information that can
resolve such clinical heterogeneity and that can be in-
corporated into diagnostic practice.

Objective: To test the hypothesis that the DRD4 seven-
repeat allele and DAT]1 ten-repeat allele would prove use-
ful in identifying a subset of children with attention-deficit/
hyperactivity disorder (ADHD) who have compromised
intellectual functions.

Design: Longitudinal epidemiologic investigation of
2 independent birth cohorts.

Setting: Britain and New Zealand.

Participants: The first cohort was born in Britain in
1994-1995 and includes 2232 children; the second co-

hort was born in New Zealand in 1972-1973 and in-
cludes 1037 children.

Main Outcome Measures: Evaluation of ADHD, 1Q,
and adult psychosocial adjustment.

Results: We present replicated evidence that poly-
morphisms in the DRD4 and DAT] genes were associ-
ated with variation in intellectual functioning among
children diagnosed as having ADHD, apart from sever-
ity of their symptoms. We further show longitudinal
evidence that these polymorphisms predicted which
children with ADHD were at greatest risk for poor adult
prognosis.

Conclusion: The findings indicate that genetic infor-

mation of this nature may prove useful for etiology-
based psychiatric nosologies.
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SYCHIATRY ASPIRES TO A DI-

agnostic system based on

knowledge of etiology and on

objective diagnostic tests, as

is typical of other medical
disciplines.! Currently, psychiatric disor-
ders are diagnosed on the basis of symp-
tom syndromes only. However, psychiat-
ric patients with identical symptoms are
often found to differ markedly in associ-
ated clinical features, treatment re-
sponse, prognosis, and presumably etiol-
ogy. This heterogeneity undermines the
value of psychiatric diagnosis. One aim of
genetic research is to provide insight into
the etiology of psychiatric disorders and
contribute objective tests that augment di-
agnostic practice.” In this article, we pre-
sent data from 2 cohort studies suggest-
ing the possibility that genetic information

may eventually help to refine diagnosis and
prognosis in one disorder notable for its
heterogeneity: childhood attention-deficit/
hyperactivity disorder (ADHD).
Attention-deficit/hyperactivity disor-
der is characterized by symptoms of hy-
peractivity, inattention, and impulsiv-
ity,? but there is considerable variation in
clinical features among children who meet
diagnostic criteria for the disorder.* Chil-
dren diagnosed as having ADHD differ
with regard to intellectual functioning,’ co-
morbidity with conduct disorder,® and
therapeutic response to stimulant drugs.’
This heterogeneity extends to long-term
prognosis; some children’s ADHD symp-
toms remit during adolescence, whereas
other children’s symptoms persist be-
yond adolescence.® Moreover, some chil-
dren with ADHD, but not others, are at
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high risk for developing adjustment problems as adults,
including antisocial behavior, substance abuse, psychi-
atric disorders, and difficulties in education and work.>*°

Among the aforementioned features of heterogeneity
within ADHD, the earliest to emerge is variation in intel-
lectual ability. Several specific intellectual abilities are im-
plicated in ADHD, including learning, memory, attention
control, and other executive functions.!! This article fo-
cuses on IQ as assessed by standardized tests, because it is
anonspecific yet reliable and valid index of the overall in-
tegrity of the brain’s intellectual functions.' On average,
children with ADHD score 7 to 12 1Q points lower than
control children, but this average difference conceals enor-
mous IQ variation within children with ADHD.">"* The 1Q
may be key to understanding heterogeneity within ADHD
because intellectual deficit has been associated with co-
morbid conduct disorder,""> poor response to stimulant
treatment,'® and poor prognosis.'"® Given the clinical sig-
nificance of IQ in ADHD, the goal of this study was to in-
vestigate whether genetic polymorphisms previously as-
sociated with ADHD might be more specifically associated
with intellectual variation within ADHD and thus prove
useful in identifying a subtype of children with ADHD char-
acterized by intellectual deficits.

Initial investigations have made progress in identifying
genesimplicated in the etiology of ADHD by targeting genes
involved in monoamine neurotransmission." Although find-
ings have not always been replicated, polymorphisms in 2
dopaminergic loci stand out as the most frequently repli-
cated molecular correlates of ADHD.* First is the 7-repeat
allele of a variable-number tandem repeat polymorphism
in the dopamine D4 receptor gene (DRD4). Meta-analysis
revealed a pooled odds ratio with ADHD of 1.45 (95% con-
fidence interval [CI], 1.27-1.65) in case-control and 1.16
(95% C1,1.03-1.31) in family-based association studies.*
Second is the 10-repeat allele of a variable-number tandem
repeatin the 3'-untranslated region of the dopamine trans-
porter gene (DAT1). Meta-analysis revealed a pooled odds
ratio with ADHD of 1.13 (95% CI, 1.03-1.24).%°

Following previous theorizing and research, we hypoth-
esized that these polymorphisms may be helpful in differ-
entiating between subgroups of children with ADHD. Spe-
cifically, we hypothesized that the DRD4 seven-repeat
allele and DAT] ten-repeat allele would prove useful in
identifyinga subset of children with ADHD who have com-
promised intellectual functions. Three lines of evidence
suggested this hypothesis. First, the fact that associations
between DRD4 and DAT1 and ADHD are small and incon-
sistent across samples could reflect heterogeneity in ge-
netic etiology, suggesting the hypothesis that these dopa-
mine system genes may be associated with a specific
subset of children with ADHD.?"® Second, both the DRD4
seven-repeat and the DAT] ten-repeat alleles have been
associated with aspects of reduced dopaminergic trans-
mission®**’; dopamine is a powerful regulator of multiple
aspects of cognitive functions,? and hypofunctioning do-
pamine systems are linked to compromised cognitive func-
tions.”” Third, a connection between DRD4 and DATI and
intellectual functioning within ADHD is suggested by evi-
dence that IQ and these 2 genes share similar connections
with responsiveness to the most often prescribed treatment
approach for ADHD: stimulant drugs (eg, methylpheni-

date oramphetamine). Specifically, there is suggestive evi-
dence that lower IQ among patients with ADHD predicts
poor drug response'®; that carriers of the DRD4 seven-repeat
allele and homozygous carriers of the DAT] ten-repeat
allele show poor drug response, although there are incon-
sistencies’; and that good ADHD response to stimulant
treatment includes improved intellectual functioning.?®
Evidence that stimulant response, intellectual ability, and
genotype may be correlated led us to hypothesize that poly-
morphisms in DAT1 and DRD4 may help explain hetero-
geneity in intellectual functioning in children with ADHD.
Although the aforementioned theorizing and find-
ings allowed us to frame an a priori hypothesis, the evi-
dence base behind this hypothesis is relatively indirect.
Therefore, we required replication in 2 studies before re-
porting the findings in this article. Specifically, we re-
port data from independent birth cohort studies in Brit-
ain and New Zealand. These cohorts are useful for this
research because they faithfully represent population het-
erogeneity within controls and also within ADHD cases;
the cases were not subject to factors that can yield bi-
ased recruitment into clinic-identified samples.?” Herein
we show replicated evidence that polymorphisms in the
DRD4 and DAT]I genes are associated with variation in
1Q scores in children with ADHD. We also report initial
evidence that these polymorphisms predict which chil-
dren with ADHD are at risk for poor adult prognosis.

B METHODS B

SAMPLES

Participants in the first cohort were members of the Environmen-
tal Risk Longitudinal Twin Study (E-Risk),*® which tracks the de-
velopment of a birth cohort of 2232 children. This E-Risk sample
was drawn from a larger 1994-1995 birth register of twins born
in England and Wales.” The sample was constructed in 1999-2000,
when 1116 families with same-sex 5-year-old twins participated
in home visit assessments, forming the base cohort for the lon-
gitudinal E-Risk study. Details of sample construction are reported
elsewhere.” Briefly, we used a high-risk stratification strategy to
replace any families lost to the original register at the time of birth
due to selective nonresponse, and we included a further high-risk
oversample to ensure sufficient numbers of children with behav-
ioral disorders for statistical power. All statistical analyses of data
from the E-Risk cohort were weighted back to the population us-
ing information from Great Britain’s General Household Survey.>*
Thus, findings reported herein can be generalized to the general
population of British families with children born in the 1990s. At
the age 5 years assessment, with parents’ permission, question-
naires were mailed to the children’s teachers, who returned ques-
tionnaires for 94% of the children. Two years later, when the chil-
dren were 7 years old, a follow-up home visit was conducted for
98% of the 1116 E-Risk families, and teacher questionnaires were
obtained for 91% of the 2232 E-Risk twins (93% of those followed
up). Because each study family contains 2 children, all statistical
analyses in this report were corrected conservatively for the non-
independence of the twin observations by using tests based on the
sandwich or Huber-White variance estimator.”

Participants in the second cohort were members of the Dune-
din Study,** which tracks the development of a birth cohort of
1037 children. This sample was constructed when the investiga-
tors enrolled 91% of consecutive 1972-1973 births in Dunedin,
New Zealand, when the children were 3 years old. Cohort fami-
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Table 1. Protocol Summaries for Genotyping DRD4 and DAT1 Variable-Number Tandem Repeats*

Gene Primer Sequences Temperature, °C/PCR Conditions Product Separation
E-Risk (Buccal DNA)

DRD4 F: HEX-GGTCTGCGGTGGAGTCTG 55 Capillary electrophoresis
R: GCGACTACGTGGTCTACT

DAT1 F: FAM-CCAGGCAGAGTGTGGTCTG 62 Capillary electrophoresis
R: GTGTAGGGAACGGCCTGAG

Dunedin Study (Lymphocyte DNA)

DRD4 F: GGTCTGCGGTGGAGTCTG 55/Dimethyl sulfoxide and Hot-start Tag 2% Agarose
R: GCGACTACGTGGTCTACT

DAT1 F: TTGTGGTGTAGGGAACGGC 58/Hot-start Taq 2% Agarose

R: CATTCGCAAACATAAAAACTGTTGT

Abbreviations: E-Risk, Environmental Risk Longitudinal Twin Study; PCR, polymerase chain reaction.

*Further details are available from the authors.

lies represent the full range of socioeconomic status in the gen-
eral population of New Zealand’s South Island. Details about the
sample are reported elsewhere.’* Follow-ups have been per-
formed at the ages of 5,7,9, 11,13, 15, 18, 21, and most recently
26 years, when 96% of the living cohort members were assessed.

ATTENTION-DEFICIT/HYPERACTIVITY DISORDER

In the E-Risk study, ADHD was ascertained on the basis of
mother and teacher reports at the ages of 5 and 7 years (1999-
2002).* In the mother interview, children’s symptoms were as-
sessed with 18 items concerning hyperactivity, impulsivity, and
inattention, representing symptom criteria for ADHD speci-
fied by the DSM-IV* (eg, “very restless, has difficulty staying
seated for long,” “impulsive, acts without thinking,” or “inat-
tentive, easily distracted”). Symptoms were reported for the pre-
ceding 6 months. Teachers rated the same set of items. A re-
search diagnosis of ADHD was made following DSM-IV criteria.
Children received the diagnosis if they had 6 or more of the
hyperactivity-impulsivity symptoms or 6 or more of the inat-
tentiveness symptoms according to either mother or teacher
report. In addition, the other rater had to indicate 2 or more
symptoms to ensure pervasiveness across home and school. On-
set before the age of 7 years was required. The prevalence of
this research diagnosis of ADHD was 8% (70% male).

In the Dunedin Study, ADHD was ascertained on the basis of
child, mother, and teacher reports. At the ages of 11, 13, and 15
years (1983-1988), children’s symptoms were measured with the
Diagnostic Interview Schedule for Children—Child version,” with
areporting period of 12 months at each age.*®* Interviews were
conducted by a psychiatrist or clinical psychologist in private stan-
dardized sessions. In addition, each child’s parent and teacher com-
pleted ADHD symptom scales that were used to ensure perva-
siveness of the symptoms and confirm onset of the disorder before
the age of 7 years. A research diagnosis of ADHD was made based
on the then-current DSM-IIL.* The prevalence of this research di-
agnosis of ADHD was 6% (80% male).

CHILDREN'’S IQ SCORES

In the E-Risk study, IQ was measured at the age of 5 years us-
ing a short form of the Wechsler Preschool and Primary Scale
of Intelligence—Revised* comprising vocabulary and block de-
sign subtests, following procedures described by Sattler.* The
1Qs ranged from 52 to 145 and were normally distributed. Be-
cause of the young age of the children and the rarity of drug
treatment for ADHD in Britain in the 1990s, the E-Risk ADHD
group can be considered virtually stimulant free at age 5 years
1Q testing.

In the Dunedin Study, IQ was measured at the ages of 7, 9,
11, and 13 years with the Wechsler Intelligence Scale for Children—
Revised,* as described by Moffitt et al. We combined the 1Q
scores from the 4 assessments to form an overall score. The chil-
dren’s IQ scores ranged from 55 to 147 and were normally dis-
tributed. Because of the rarity of drug treatment for ADHD in
New Zealand between 1979 and 1985 when IQ was tested, the
Dunedin ADHD group can be considered virtually stimulant free
at the time of 1Q testing. The IQ scores were standardized to a
mean+SD of 100+ 15 in each cohort for comparison purposes.

ADULT PSYCHOSOCIAL ADJUSTMENT

The Dunedin cohort has been followed up to the age of 26 years,
enabling us to test whether genotype accounted for heterogene-
ity in the long-term prognosis of children diagnosed as having
ADHD. At the age of 26 years, different research topics were pre-
sented as standardized modules (eg, psychiatric interview, partner-
relationships interview, and socioeconomic interview), each ad-
ministered by a different trained examiner in private rooms at
the research unit. Court records of criminal convictions were
searched. We report on a cumulative index of 10 adult adjust-
ment problems (previously described by Moffitt et al*): violent
conviction record, nonviolent conviction record, substance de-
pendence diagnosis, psychiatric diagnosis, evidence of aggres-
sion against partners, evidence of aggression against minors, no
high school qualification, out-of-wedlock parenthood, govern-
ment welfare benefits, and long-term unemployment.

DNA EXTRACTION AND GENOTYPING

In the E-Risk study, DNA was obtained via buccal swabs from
96% of participants. In the Dunedin Study, DNA was obtained
from 97% of participants, 93% via blood and 7% via buccal swabs.
(To avoid potential problems of population stratification, DNA
from Dunedin cohort members of Maori origin was not in-
cluded.) The DRD4 and DAT]1 variable-number tandem re-
peats were genotyped using protocols given in Table 1.

The most common DRD# allele was the 4 repeat (65% in both
cohorts), followed by the 7 repeat (19% in both cohorts) and
2 repeat (9% in both cohorts), similar to allele frequencies
reported for other white samples.*” Consistent with previous re-
search, children were considered to be at risk if they were carri-
ers of at least one 7-repeat allele (34% in the E-Risk study and
34.5% in the Dunedin Study). The DRD4 genotype risk status was
not significantly associated with ADHD in the E-Risk study
(x1=0.24; P=.62) or the Dunedin Study (x{=0.13; P=.72).

The most common DAT]I allele was the 10 repeat (74% in
the E-Risk study and 76% in the Dunedin Study) followed by
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Table 2. 1Q Scores for Control Children and Children With ADHD, Further Defined by the Presence or Absence of the 7-Repeat Allele
of the DRD4 Gene and by the Presence or Absence of the DAT710/10 Genotype*

No ADHD Diagnosis

ADHD Diagnosis

I
Low-Risk

1
DRD4 and

I 1
Low-Risk DRD4 and

DRD4 DAT1 DRD4 DAT1
Cohort Genotype Risk Only Risk Only DAT1 Risk Genotype Risk Only Risk Only DAT1 Risk
E-Risk (British) 101.6 (15.0) 1025 (15.4) 99.9 (14.5) 99.9(14.2)  949(143) 930 (144) 921 (167)  86.7 (12.6)
(n=522) (n=252) (n =649) (n=2335) (n=44) (n=27) (n=66) (n=234)
Dunedin Study 102.3 (13.1) 101.2 (14.9) 100.6 (13.6) 101.5 (12.9) 96.4 (12.7) 93.7 (26.5) 88.2 (13.2) 85.2 (12.7)
(New Zealand) (n=207) (n=107) (n=277) (n=154) (n=15) (n=5) (n=18) (n=11)
Abbreviations: ADHD, attention-deficit/hyperactivity disorder; E-Risk, Environmental Risk Longitudinal Twin Study.
*Data are presented as mean (SD). The mean (SD) 1Q score was 100 (15).
the 9 repeat (25% in the E-Risk study and 23% in the Dunedin
Study), similar to allele frequencies reported for white samples.*® 105+
Consistent with previous research, children were considered " 2
to be at risk if they were homozygous for the 10-repeat allele 100 Ll 1+
(57% in the E-Risk study and 58.5% in the Dunedin Study). - T
The DATI1 genotype risk status was not significantly associ- o 05 I N
ated with ADHD in the E-Risk study (x{=1.30; P=.25) or the S 1 l I
Dunedin Study (xi=0.14; P=.71). S % 7T
7 u
I
STATISTICAL ANALYSIS g5{ | A British Birth Cohort Tm
B New Zealand Birth Cohort J
Multiple regression was used to test the central hypothesis of this g0l ' ' ' ' '
study in 3 steps. First, we tested whether children who met di- NoRisk ~ 1Risk ~ 2Risk  NoRisk  TRisk  2Risk
agnostic criteria for ADHD had lower IQ scores than children who e e Serores  Genolype  Cenobype  Gendypes
did not meet criteria. Second, subsets of children with ADHD were : s :
X No ADHD ADHD
defined by the presence or absence of the DRD4 seven-repeat al-

lele and by the presence or absence of the DAT1 10/10 genotype.
Children with ADHD were scored O if they carried no genetic risk,
1 if they carried 1 genetic risk, and 2 if they carried both risks.
The subsets were compared on IQ; in the E-Risk study we had
greater than 90% power, and in the Dunedin Study we had 75%
power to detect effects of medium-to-large magnitude. Third, we
tested whether the lower 1Q of the ADHD-diagnosed children with
an at-risk genotype was an artifact of these children having more
severe ADHD symptoms by examining the association between
1Q and genotype risks after controlling for number of ADHD symp-
toms. All regression analyses controlled for sex. Table 2 gives
the descriptive statistics for the subsets of children in both co-
horts. Diagnoses of hyperactivity, intelligence testing, and geno-
typing were performed by different personnel blind to the other
study variables and to the hypothesis of this study.

o TS

STUDY 1

Data from the E-Risk cohort confirmed the previously re-
ported association between ADHD and low IQ. Children
who met diagnostic criteria for ADHD had significantly
lower IQ scores (mean+SD, 90.9£15.5) than comparison
children (mean=SD, 100.8+14.7) (¢, 1000=06.98; P<<.001).

Next, subsets of children with ADHD were com-
pared on IQ. Children with ADHD defined by the ab-
sence of genetic risk had a mean IQ of 94.9. In contrast,
children with ADHD defined by the presence of the DRD4
seven-repeat allele had a mean IQ of 89.3, and children
with ADHD defined by the presence of the DAT1 10/10
genotype had a mean IQ of 90.0. There was a significant
dose-response association between IQ and number of

Figure 1. Mean+SE (error bars) 1Q scores of control children and children
who met diagnostic criteria for attention-deficit/nyperactivity disorder
(ADHD) according to their genotype status on 2 dopamine genes. Data from
2 independent cohort studies in 2 countries show that children who met the
diagnostic criteria for ADHD had significantly lower IQ scores than control
children and that 1Q variability among children with ADHD was explained by
genotype.

genotype risks (0, 1, or 2 risks) (b=-4.26; SE=1.77;
t1137=2.40; P=.02) (Figure 1). Children with ADHD with
1 risk (presence of either DRD4 seven-repeat or DAT]
10/10 genotype) scored 2.6 1Q points lower than chil-
dren with no risks, and children with both risks scored
8.2 1Q points lower than children with no risks. (Con-
trolling for social class did not alter the association be-
tween 1Q and number of genotype risks [P=.02].)

SUPPLEMENTAL ANALYSES FOR STUDY 1

We tested whether the lower IQ of children diagnosed as
having ADHD who had an at-risk genotype was merely an
artifact of greater severity of their ADHD. The ADHD geno-
type subsets did not differ from each other on number of
symptoms of hyperactivity/impulsivity (b=0.04; SE=0.20;
t1142=0.19; P=.85) or inattention (b=0.29; SE=0.26;
t)14,=1.09; P=.28) (Table 3). Moreover, the association
between number of genotype risks and IQ among children
diagnosed as having ADHD remained significant after con-
trolling for number of symptoms of hyperactivity/impulsivity
(t1137=2.39; P=.02) and inattention (t, 13;=2.07; P=.04).
After our a priori hypothesis that genotype would ex-
plain IQ variation in children with ADHD was tested in
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Table 3. Symptom Severity as a Function of ADHD Diagnostic Grouping in 2 Birth Cohorts*

ADHD Diagnosis

[
Low-Risk Genotype

1
1 Genotype Risk DRD4 and DAT1 Risk

Cohort No ADHD Diagnosis

E-Risk (British) n=1763
Hyperactivity symptom scale .84 (.95)
Inattention symptom scale 0.50 (0.77)

Dunedin Study (New Zealand) n =745
Hyperactivity symptom scale 1.7 (2.6)
Inattention symptom scale 1.2 (1.8)

n=44 n =96 n=37
46 (1.7) 45 (1.5) 4.7 (1.4)
3.8(1.9) 3.9(2.1) 43(1.9)

=15 n=23 n=11
5.2 (5.6) 5.7 (4.0 5.5 (4.3)
5.2(3.8) 4.2 (3.1) 4.8 (3.3)

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; E-Risk, Environmental Risk Longitudinal Twin Study.

*Data are presented as mean (SD).

L 0e

Controls ADHD ADHD ADHD
(n=760) No-Risk Genotype 1-Risk Genotype 2-Risk Genotypes
(n=15) (n=23) (n=11)

‘ [ No Adult Difficulties I 1-2 Adult Difficulties B >3 Adult Difficulties ‘

Figure 2. Adult prognosis of New Zealand children diagnosed as having
attention-deficit/hyperactivity disorder (ADHD) varies with genotype. For each
study member, 1 point each was summed for 10 different adult outcomes: a
violent conviction record, a nonviolent conviction record, a substance
dependence diagnosis, a psychiatric diagnosis, evidence of aggression against
partners, evidence of aggression against minors, no high school qualification,
out-of-wedlock parenthood, government welfare benefits, and long-term
unemployment of more than 6 months. This longitudinal follow-up shows that
children who met diagnostic criteria for ADHD had a worse adult prognosis
than control children and that adult outcome heterogeneity among children
with ADHD was explained by genotype.

the affirmative, we tested post hoc whether genotype
would also predict comorbid conduct disorder, an im-
portant feature of ADHD heterogeneity*; in this sample,
8% of children met diagnostic criteria for conduct dis-
order by the age of 7 years.” The percentage of each geno-
type risk subset of children diagnosed as having ADHD
who also developed conduct disorder was as follows: no-
risk genotype group, 30%; 1-risk genotype group, 27%;
and 2-risk group (DRD4 and DAT1), 42%. This trend did
not achieve statistical significance (x3=2.09; P=.35).
We evaluated the possibility of an ethnic stratification
artifactin which genetic risk might have characterized rela-
tively more ethnic minority cohort members, who in turn
mightscoreloweronIQ tests. The relationship between geno-
type risk and 1Q was reestimated excluding children from
minority backgrounds with ADHD (n=10), yielding near
identical results (b=-4.24; SE=1.84; t; 1,3=2.31; P=.02).

STUDY 2

The results from the Dunedin cohortreplicated those from
the E-Risk cohort. Children diagnosed as having ADHD had
significantly lower IQ scores (mean+SD, 90.6+14.9) than
comparison children (mean+SD, 101.3£13.5) (t; 705=5.37;
P<<.001). Next, subsets of children with ADHD were com-
pared. Children with ADHD defined by the absence of ge-
netic risk had amean IQ of 96.4. In contrast, children with

ADHD defined by the presence of the DRD4 seven-repeat
allele had a mean I1Q of 87.8, and children with ADHD de-
fined by the presence of the DATI 10/10 genotype had amean
1Q of 87.0. There was a significant dose-response associa-
tion between IQ and number of genotype risks (0, 1, or 2
risks) (b=-6.29; SE=2.71; t, 44=2.32; P=.02) (Figure 1).
Children with ADHD with 1 risk (presence of either DRD4
seven-repeat or DAT1 10/10 genotype) scored 7.0 1Q points
lower than children with no risks, and children with both
risksscored 11.2 1Q points lower than children with norisks.
(Controlling for social class did not alter the association be-
tween IQ and number of genotype risks [P=.03].)

The Dunedin cohort has been followed up to the age
of 26 years. Children diagnosed as having ADHD had worse
adult outcomes than control children (t, g;=2.72; P=.007).
There was also a significant association between number
of genotyperisks (0, 1, or 2 risks) and adult outcomes among
children with ADHD (b=0.34;SE=0.16;t, 44=2.12;P=.04)
(Figure 2). After controlling for IQ, this association was
attenuated to nonsignificance (P=.10), indicating that the
effect of dopaminergic risk genotypes on adult psychoso-
cial adjustment was partly mediated by IQ deficits.

SUPPLEMENTAL ANALYSES FOR STUDY 2

The ADHD genotype subsets did not differ from each other
on hyperactivity/impulsivity (b=0.08; SE=0.91; t, 44=0.09;
P=.93) or inattention (b=-0.20; SE=0.67; t; 4=0.29;
P=.77) symptoms (Table 3). Moreover, the association
between number of genotype risks and 1Q among chil-
dren diagnosed as having ADHD remained significant af-
ter controlling for hyperactivity/impulsivity (b=-6.40;
SE=2.74; t, 44=2.33; P=.02) and inattention (b=-6.38;
SE=2.74; t; 44=2.33; P=.03) symptoms.

We tested post hoc whether genotype would also pre-
dict comorbid conduct disorder. Conduct disorder was
ascertained using the procedures followed for ADHD; 20%
met diagnostic criteria for conduct disorder between the
ages of 11 and 18 years.** The percentage of each geno-
type risk subset of children diagnosed as having ADHD
who developed conduct disorder was as follows: no-
risk genotype group, 60%; 1-risk genotype group, 56%;
and 2-risk group (DRD4 and DAT1), 82%. This trend did
not achieve statistical significance (x3=2.15; P=.34).

After our a priori hypothesis that genotype would ex-
plain IQ variation in children with ADHD was tested in
the affirmative, we tested post hoc whether this finding
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had specificity to ADHD. We tested whether DATI and
DRD#4 genotype would explain IQ variation in children di-
agnosed as having anxiety disorders; like ADHD, anxiety
disorders are associated with elevated arousal,”* and 1Q defi-
cit has been reported for children diagnosed as having anxi-
ety disorders.” In the Dunedin Study, phobias, separa-
tion anxiety disorder, and overanxious disorder were
ascertained at the same ages using the procedures fol-
lowed for ADHD; 20% met diagnostic criteria for an anxi-
ety disorder between the ages of 11 and 15 years.”* Chil-
dren with an anxiety disorder had a significantly lower 1Q
(mean+SD, 96.7+14.3) than nonanxious children
(mean=SD, 101.8+13.4) (t, ;0,=4.24; P<.001). However,
in children diagnosed as having anxiety, genotype was not
significantly associated with 1IQ (b=-0.79; SE=1.61;
t1158=0.48; P=.63) (no-risk genotype group [n=46],
mean+SD 1Q, 98.0+13.0; 1-risk genotype group [n=81],
mean=SD 1Q, 95.9+15.7; DRD4 and DAT]I risk group
[n=32], mean+SD 1Q, 96.7+12.5). We could not per-
form this analysis in the E-Risk cohort because anxiety dis-
orders were not diagnosed in 7-year-old children.

B COMMENT Sy

Data from 2 independent birth cohorts showed that poly-
morphisms in the dopaminergic genes DRD4 and DATI
accounted for much of the heterogeneity in intellectual abil-
ity in children diagnosed as having ADHD. Figure 3 sum-
marizes the results according to the IQ bell curve. Super-
imposed on the curve are the results showing (1) 1Q
differences between children diagnosed as having ADHD
vs children who did not meet ADHD diagnostic criteria
and (2) 1Q differences within the group of children diag-
nosed as having ADHD as a function of their genotypic
risk. Two features of the findings warrant comment.

First, the within-group 1Q difference is the same mag-
nitude as the between-group IQ difference. In both in-
stances the IQ difference spans 8 to 11 IQ points (or 0.5 to
0.75 SD) and corresponds to a moderate-to-large effect size.
Such 1Q differences are associated with important life out-
comes.” Second, the findings are reproducible in 2 samples.
Psychiatric genetics has been “mired in nonreplica-
tions,”**®1®) revealing many initial association findings to
be false-positive results. What precautions should be taken?
Replication is the “sine qua non for accepting a hypoth-
esis.””"®%27 In the present study, the replication require-
ment was met by confirming the hypothesized finding in
2 independent, well-characterized birth cohorts, and the
combined effect size across the 2 studies yielded P=.003.
The similarity of the findings was notable in that the 2 co-
horts were born in different eras (1970s vs 1990s), were
diagnosed as having ADHD at different ages (5-7 years vs
11-15 years), were tested for IQ at different ages (5 years
vs 7-13 years), and lived in different countries (Britain vs
New Zealand), albeit countries with similar white ethnic
origins. In addition, in the Dunedin Study, prospective lon-
gitudinal analyses revealed that the dopaminergic risk geno-
types of children diagnosed as having ADHD could pre-
dict their adult psychosocial adjustment more than 10 years
later, and this effect was mediated by their IQ deficits. This
finding requires replication.

British Birth Cohort
ADHD  No ADHD
e N
L—ODA
2 1 No
Risk Genotype

New Zealand Birth Cohort

ADHD  No ADHD

" n
ob—0—0a

2 1 No
Risk Genotype

100 115 130 145

1Q Bell Curve

" 55 70 85 160

Figure 3. Children’s 1Q scores plotted on the bell curve as a function of
attention-deficit/hyperactivity disorder (ADHD) diagnosis and genotype risk.
The results show that the within=ADHD group difference as a function of
genotype risk is similar in magnitude to the difference in 1Q between children
diagnosed as having ADHD and children not meeting ADHD diagnostic criteria.

Five points are relevant for interpreting these findings.
First, the obtained relationship between genotype and 1Q
in children diagnosed as having ADHD was independent
of the severity of each child’s ADHD symptoms in both co-
horts. This independence attests that this genotype-1Q re-
lationship is not an artifact that arose because genetic risk
produced more severe ADHD symptoms, which in turn dis-
rupted the children’s test taking. Second, although we did
not have statistical power to separately analyze DSM-IV hy-
peractive vs inattentive diagnostic subtype groups, sepa-
rate analyses attested that the genotype-IQ relationship was
independent of symptom severity for both the hyperactive-
impulsive and inattentive symptom syndromes. Third, drug
treatment of ADHD was virtually nil in both cohorts when
IQ was tested. This attests that the genotype-IQ relation-
ship is unlikely to be an artifact that arose because the low-
risk genotype promoted drug response, which in turn en-
hanced the successfully treated children’s intellectual
abilities. Fourth, the genotype-1Q relationship is unlikely
to be an artifact that arose because of ethnic stratification
in which genetic risk characterized more ethnic minority
cohort members, who in turn might score lower on IQ tests.
The Dunedin Study excluded cohort members of Maori ori-
gin, and the E-Risk study findings remained unaltered
whether or not ethnic minority children with ADHD were
excluded. Fifth, the dopaminergic polymorphisms pre-
dicted IQ deficits with specificity to children diagnosed as
having ADHD. Analyses attested that genotype did not pre-
dict IQ among children affected with anxiety disorders,
which are also characterized by hyperarousal.

The findings reported herein bring up several issues re-
garding the genetics of ADHD and, more generally, about
subphenotyping complex behavioral disorders. First, the
present findings may shed some light on the role of DRD4
and DAT]I in the pathogenesis of ADHD. The remarkable
effectiveness of drugs that, in part, target dopaminergic neu-
rotransmission originally implicated this system in the
pathogenesis of ADHD* and pointed molecular investi-
gations toward dopamine system candidate genes, includ-
ing DRD4 and DAT1. However, association studies of these
genes have yielded mixed results,' and genomewide link-
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age studies of ADHD have indicated that neither candi-
date gene likely plays a major role in the disorder.”* One
explanation of such ambiguous findings is that there is ge-
netic heterogeneity in ADHD. Therefore, these genes may
not operate as pure susceptibility genes that increase the
risk of ADHD (or of low IQ). Rather, they may influence
phenotypic variation in ADHD and thus are associated with
a specific subset of children with ADHD who have com-
promised intellectual functions. In keeping with this no-
tion, we found that only in children diagnosed as having
ADHD, an increasing number of risk genotypes was cor-
related with a lower tested IQ. That the genotype-IQ re-
lationship was conditional on ADHD diagnosis suggests
that the involvement of these 2 genes in ADHD relies on
interactions with other genes or other etiological factors
to influence a subtype of ADHD (and hence the geno-
type-1Q association was not observed among children with-
out ADHD). Such a situation is anticipated by animal re-
search showing that genetic variants are associated with
highly variable phenotypes depending on genetic back-
ground (eg, knockouts lead to different phenotypic ef-
fects in different strains).®* The DAT1 and DRD4 polymor-
phisms may operate as modifier genes,*? acting against a
background of other etiological factors, to affect clinical
features and course of ADHD rather than as direct sus-
ceptibility genes affecting the disorder per se.

Second, the findings suggest one possible reason for
between-study heterogeneity in candidate gene studies
of ADHD focusing on DRD4 and DAT]. The possibility
that DRD4 and DATI operate as modifier genes implies
that differences in sample characteristics may account for
disparate research findings. There are large variations in
intellectual ability across ADHD samples. Studies that con-
tain ADHD cases with low IQ may observe significant as-
sociations, whereas studies that contain ADHD cases with
relatively high IQ may fail to observe associations. Se-
lective participation in community samples and referral
biases in clinical samples may produce such sample dif-
ferences and inadvertently contribute to between-study
heterogeneity in molecular genetics research. Molecu-
lar genetic studies are beginning to explore phenotypic
heterogeneity in ADHD as a possible source of between-
study heterogeneity,?® and the present findings nomi-
nate neurocognitive heterogeneity as a promising lead.*

Third, the present findings suggest that ADHD may con-
sist of subgroups that can be differentiated according to their
genetic makeup. In particular, the findings encourage more
focused attention on the additive and/or interactive patho-
physiologic effects of DRD4 and DAT1 on ADHD. Both the
DRD4 seven-repeat allele and the DAT] ten-repeat allele
have been associated with aspects of reduced dopaminer-
gic neurotransmission. The 7-repeat allele is associated with
reduced sensitivity to dopamine.** Additionally, several stud-
ies suggest that the 10-repeat allele of DAT]I increases do-
pamine transporter density, thus increasing the reuptake
of synaptic/extracellular dopamine.”” Through these ac-
tions and, as noted herein, by interacting with a back-
ground of general dopaminergic dysfunction present in chil-
dren with ADHD, the co-occurring DRD4 and DAT]I risk
polymorphisms could produce an extreme hypodopamin-
ergic state, which may be correlated with poor cognitive
function.” However, it is possible that the variants we stud-

ied are not the consequential polymorphisms but are in link-
age disequilibrium with other nearby functional variants.
In any event, this scenario illustrates one possible mecha-
nism by which children with ADHD carrying these geno-
types might form a cognitively distinct group with a dif-
ferential prognosis. Our research was unfortunately limited
by relying on omnibus IQ scores to measure neurologic in-
tegrity. Future research must go further to apply neuro-
psychological assessments and neuroimaging methods to
reveal the specific brain functions involved and to ascer-
tain whether the genotype-related 1Q differences ob-
served herein reflect global cognitive deficiencies or spe-
cific deficits that affect IQ.’

This study provides one example of how genetic in-
formation may in the future be able to resolve clinical
heterogeneity and thus help to refine psychiatric diag-
noses.** Clinical implications are premature, pending more
widespread replication tests. However, our findings il-
lustrate how genetic information may eventually be in-
corporated into psychiatric nosology through bio-
marker testing and a better understanding of pathogenesis.
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