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Context: Attention-deficit/hyperactivity disorder (ADHD)

is one of the most heritable neuropsychiatric disorders, and
a polymorphism within the dopamine D4 receptor (DRD4)
gene has been frequently implicated in its pathogenesis.

Main Outcome Measures: Cortical thickness across
the cerebrum and presence of DSM-IV–defined ADHD
at follow-up.
Results: Possession of the DRD4 7-repeat allele was as-

Objective: To examine the effects of the 7-repeat mic-

rosatellite in the DRD4 gene on clinical outcome and cortical development in ADHD. We drew comparisons with
a single nucleotide polymorphism in the dopamine D1
receptor (DRD1) gene, which was associated with ADHD
within our cohort, and a polymorphism within the dopamine transporter (DAT1) gene, reported to have additive effects with the DRD4 7-repeat allele.
Design: Longitudinal cohort study.

sociated with a thinner right orbitofrontal/inferior prefrontal and posterior parietal cortex. This overlapped with
regions that were generally thinner in subjects with ADHD
compared with controls. Participants with ADHD carrying the DRD4 7-repeat allele had a better clinical outcome and a distinct trajectory of cortical development.
This group showed normalization of the right parietal cortical region, a pattern that we have previously linked with
better clinical outcome. By contrast, there were no significant effects of the DRD1 or DAT1 polymorphisms on
clinical outcome or cortical development.

Setting: National Institutes of Health, Bethesda,
Conclusions: The DRD4 7-repeat allele, which is widely

Maryland.
Participants: One hundred five children (with 222 neu-

roanatomical magnetic resonance images) with ADHD
(mean age at entry, 10.1 years) and 103 healthy controls (total of 220 magnetic resonance images). Sixtyseven subjects with ADHD (64%) had follow-up clinical
evaluations (mean follow-up, 6 years).
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associated with a diagnosis of ADHD, and in our cohort
with better clinical outcome, is associated with cortical
thinning in regions important in attentional control. This
regional thinning is most apparent in childhood and
largely resolves during adolescence.
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A

TTENTION-DEFICIT/HYPERactivity disorder (ADHD)
is among the most heritable of neuropsychiatric
disorders.1 In keeping with
a presumed polygenic disorder, several
candidate genes have been proposed in its
pathogenesis. One of the most consistently replicated polymorphisms associated with the disorder is the 7-repeat form
of the 48–base pair (bp) variable number
tandem repeat (VNTR) in exon 3 of the
dopamine D4 receptor (DRD4) gene, with
meta-analysis estimating a pooled odds ratio for case-control studies of 1.45 and for
family-based studies, 1.16.1 We recently
also replicated this association, finding a
significantly increased frequency of the
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7-repeat allele in 169 children with ADHD
(23%) compared with 265 healthy controls (17%).2 Previous studies have suggested that carriers of the risk allele may
also have a unique neuropsychological,3-6 clinical,7-13 and pharmacological14
profile, although there remains considerable debate over the exact nature of this
phenotype.
The DRD4 7-repeat allele has also been
linked with clinical outcome, albeit with
divergent results. Recently, we ascertained the clinical status of 67 subjects
from our cohort (mean [SD] age, 15 [3]
years) at a mean follow-up of 6 years. We
found that those with at least 1 copy of the
DRD4 7-repeat allele were significantly less
likely (P =.01) to retain the diagnosis of
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Table 1. Demographic and Clinical Details of Groups of Those With ADHD and Healthy Controls Stratified by Carrier Status
for the 7-Repeat Allele of the DRD4 Gene

Demographic
Sex, No.
M
F
Estimated IQ, mean (SD)
Right handed, No. (%)
Race, No. (%)
White, non-Hispanic
Black
White, Hispanic
Asian
Other
Scanning details, total No. at each wave
1 Scan
2 Scans
ⱖ3 Scans
Age at each scan, y, mean (SD)
Time 1
Time 2
Time 3
Outcome
Final CGAS score, mean (SD)
DSM-IV criteria at follow-up, No. (%)

Combined type
Inattentive subtype
Hyperactive subtype
In full remission
Baseline characteristics
CGAS score, mean (SD)
CBCL Attention Problems T score, mean (SD)
CBCL Externalizing Problems T score,
mean (SD)
TRF Attention Problems T score, mean (SD)
Conners Teacher Hyperactivity Factor score,
mean (SD)
Conners Parent Hyperactivity Factor score,
mean (SD)
Family history of ADHD, No./total No. (%)
Comorbidity, No.
Oppositional defiant disorder
Conduct disorder
Learning disorder
Mood disorder
Anxiety disorder
Tic disorder, NOS
Medication, No./total No. (%)
Stimulants at baseline
Stimulants at follow-up

ADHD 7-Repeat
Allele Carrier
(n=43)

ADHD
Noncarrier
(n = 62)

Healthy 7-Repeat
Allele Carrier
(n = 35)

Healthy
Noncarrier
(n = 68)

23
20
113 (15)
36 (84)

27
35
106 (15)
54 (87)

17
18
116 (13)
31 (88)

41
27
116 (13)
64 (94)

31 (72)
5 (12)
5 (12)
0
2 (4)

48 (77)
9 (14)
4 (7)
0
1 (2)

28 (80)
4 (11)
0
1 (3)
2 (6)

57 (84)
7 (10)
1 (1.5)
2 (3)
1 (1.5)

43
25
25

62
45
22

35
22
14

68
44
37

2 = 3.9

.28

F3,199 = 5.9
2 = 3.26
White vs other, 32= 2.3

.001
.35
.52

F3,204 = 0.14
F3,132 = 0.89
F3,94 = 2.4

.94
.45
.07

t65 = 1.7
Proportion retaining diagnosis
of combined-type ADHD vs
other, 12= 6.1

.09
.01

10.1 (2.9)
12.8 (3.1)
15.4 (2.9)

64 (11)

59 (9)

6 (21)
15 (54)
2 (7)
5 (18)

20 (51)
7 (18)
4 (10)
8 (21)

48 (6)
74 (9)
66 (9)

45 (6)
72 (8)
68 (10)

t88 = 1.5
t94 = 0.65
t94 = 0.89

.13
.50
.38

71 (11)
1.4 (0.6)

68 (9)
1.7 (0.6)

t88 = 1.16
t86 = 2.1

.25
.04

2.2 (0.8)

2.4 (0.7)

t61 = 1.0

.33

24/41 (59)

43/56 (77)

12= 3.7

.06

12= 0.45
12= 0.74

.48
.39

32/43 (74)
20/29 (69)

10 (2.9)
12.2 (3.5)
14.3 (3.4)

P
Value

10.2 (2.7)
13.6 (3.7)
16.6 (3.9)

19
3
7
1
4
5

10.3 (2.8)
12.7 (3.1)
14.6 (2.6)

Test Statistic

23
5
6
2
7
4
50/62 (81)
32/41 (62)

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; CBCL, Child Behavior Checklist; CGAS, Children’s Global Assessment Scale; DRD4, dopamine D4
receptor; NOS, not otherwise specified.

combined-type ADHD. Six of 28 subjects (21%) with the
risk allele had combined-type ADHD at follow-up compared with 20 of 39 subjects with ADHD (51%) without
the risk allele (Table 1 and Table 2). However, others
have found either no relationship between the outcome
and the DRD4 7-repeat allele, or worse outcome.6,10
In addition to behavioral phenotyping, brain structure may be a particularly informative intermediate phe-

notype that lies closer to the biology of ADHD. In one of
the few studies at this level, Durston and colleagues15
found that unaffected siblings of probands with ADHD
who were homozygous for the most common DRD4 allele (the 4-repeat) had smaller prefrontal gray matter volumes than those with other variants. In an earlier report, we failed to detect any relationship between lobar
volumes and the DRD4 7-repeat allele but noted our find-
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Table 2. Additive Genetic Effects for DRD4 and Either the DAT1 Risk or DRD1 Risk Genotype on IQ and Clinical Outcome
DRD4 and DAT1: No. of Risk Genotypes

Clinical outcome a
ADHD
IQ b
ADHD
Healthy
controls

0

1

2

9/19 (47)

14/31 (45)

1/12 (8)

110 (14)

109 (10)

115 (16)

118 (13)

Test Statistic

DRD4 and DRD1: No. of Risk Genotypes
P Value

0

1

22=5.8

.05

6/10 (60)

12/36 (33)

108 (12) ␤=−0.86; SE = 2.4;
t = 0.31
120 (14) ␤=2.4; SE = 2.4;
t = 0.99

.72

103 (17)

109 (14)

.33

116 (14)

115 (14)

2

Test Statistic

P Value

5/17 (29) 22= 2.9

.23

113 (16) ␤= 5.0; SE = 2.0;
t = 2.2
120 (11) ␤= 2.0; SE = 2.0;
t= 1.0

.03
.31

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; DAT1, dopamine transporter; DRD1, dopamine D1 receptor; DRD4, dopamine D4 receptor;
SE, standard error.
a For clinical outcome, the difference is given as number/total number (percentage) of those with each genotype combination who retained the diagnosis of
combined-type ADHD at follow-up.
b For IQ, presented as mean (SD), the significance of the relationship between total number of risk genotypes and IQ was determined through linear regression.

ing was preliminary given the small sample size of 41 affected probands.16 A limitation of most previous studies
is that they have not genotyped healthy controls. Thus,
it is impossible to tell whether the 7-repeat allele acts in
a similar manner in healthy controls or whether the allele has diagnostically specific effects.
We include a comparison with the neuroanatomical
effects of a biallelic single nucleotide polymorphism in
the dopamine D1 (DRD1) receptor gene (a C/T variant
in the 5⬘ untranslated region of the gene), the only other
polymorphism associated with the diagnosis of ADHD
in our cohort.17 However, unlike the DRD4 7-repeat allele, as we will show, the DRD1 polymorphism showed
no association with clinical outcome in our cohort and
there is no evidence of an associated phenotype.18,19
The 10-repeat allele of a VNTR within the dopamine
receptor gene (DAT1) has also been linked with ADHD1
and recently reported to have additive effects with the
DRD4 7-repeat allele in determining lower IQ and poor
outcome in ADHD.6 We sought to replicate these findings and to explore possible cortical effects of the DAT1
polymorphism, a priori unlikely given the paucity of cortical expression of the DAT1 gene.20
In this neuroanatomical study, we used a measure of
cortical thickness estimated at more than 40 000 cortical points, which is fully automated, reliable, and valid.21,22
By applying this measure to our cohort, we previously
identified a significantly thinner medial and superior prefrontal and orbitofrontal cortex in children with ADHD,
regions important for attentional control.23 In the current study, we hypothesized that the DRD4 7-repeat allele would be associated with a similar pattern of cortical change in view of the accumulating evidence of an
associated cognitive and behavioral phenotype. We also
recently reported that normalization of the thickness of
the right parietal cortex characterizes subjects with ADHD
with a better clinical outcome.23 In the current study, we
further predicted that subjects with ADHD with the DRD4
7-repeat allele would show normalization of the right parietal cortex, in keeping with their better clinical outcome. Inclusion of the effects of polymorphisms in the
DRD1 and DAT1 genes allowed us both to test for additive genetic effects and to assess the specificity of the find-

ings for the DRD4 7-repeat allele. In particular, we did
not expect the distinctive pattern of right parietal cortical normalization to emerge with risk alleles that are not
associated with clinical outcome in our cohort.
METHODS

SUBJECTS
One hundred five children with DSM-IV–defined ADHD with
both neuroanatomical magnetic resonance images (MRIs) and
DNA were included. Diagnosis was based on the Parent Diagnostic Interview for Children and Adolescents,24 the Conners
Teacher Rating Scales,25 and the Teacher Report Form.25 Exclusion criteria were IQ lower than 80 and evidence of medical or neurological disorders. All had combined-type ADHD at
baseline. Data were available on the diagnostic status at a mean
(SD) follow-up of 6 (3) years on 67 subjects (64%).
Unrelated healthy controls were also recruited from the same
community using local media and school contacts (data available on request). Each subject completed the Childhood Behavior Checklist as a screening tool and then underwent a structured diagnostic interview by a child psychiatrist to rule out
any psychiatric or neurological diagnoses.26 Genotyping details are available at http://intramural.nimh.nih.gov/chp/AGP
_ADHD_genetics2007.
The institutional review board of the National Institutes of
Health approved the research protocol, and written informed
consent and assent to participate in the study were obtained
from the parents and children, respectively.

MRI ACQUISITION AND IMAGE ANALYSIS
T1-weighted images with contiguous 1.5-mm slices in the axial
plane and 2.0-mm slices in the coronal plane were obtained using
3-dimensional spoiled gradient recalled echo in the steady state
on a 1.5-T General Electric Signa scanner (Milwaukee, Wisconsin) (echo time of 5 milliseconds, repetition time of 24 milliseconds, flip angle of 45°, acquisition matrix of 256⫻192, number of signals acquired, 1, and 24-cm field of view). The native
MRIs were registered into standardized stereotaxic space using
a linear transformation and corrected for nonuniformity artifacts.27 The registered and corrected volumes were segmented
into white matter, gray matter, cerebrospinal fluid, and background using an advanced neural net classifier.28 A surface de-
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formation algorithm was applied, which first fits the white matter surface, then expands outward to find the gray matter–
cerebrospinal fluid intersection, defining a known relationship
between each vertex of the white matter surface and its gray
matter surface counterpart; cortical thickness can thus be defined as the distance between these linked vertices (a total of
40 962 such vertices are calculated).29 The white and gray matter surfaces were resampled into native space by inverting the
initial stereotaxic transformation. Cortical thickness was then
computed in native space. To improve the ability to detect population changes, each subject’s cortical thickness map was blurred
using a 30-mm surface-based blurring kernel.22

STATISTICAL ANALYSIS
Demographic and clinical characteristics between groups at baseline were examined using 2-sample t tests or analysis of variance for continuous variables and 2 tests of independence for
categorical variables.
In neuroanatomical analyses, we examined for both main
effects and interactions between diagnostic group (ADHD vs
healthy controls) and genotype (comparing all those with the
risk genotype against those without the risk genotype). Mixedmodel regression was used because it permits the inclusion of
multiple measurements per person at different ages and irregular intervals between measurements, thereby increasing statistical power.30 Initial analyses estimated group differences across
the cortex and included a random-effect modeling withinperson dependence and controlled for age. Thus, in the model
for the group comparisons, the ith individual’s jth cortical thickness at a given vertex was modeled as:
Thicknessij =Intercept⫹di ⫹␤group (Diagnosis=Group)
⫹␤1(Age)⫹eij
where di is a random effect, the intercept and ␤ terms are fixed
effects, and eij represents the residual error. Results are reported both at an unadjusted P=.05 and following correction
for multiple comparisons, which was made using the false discovery rate procedure with q=0.05.31,32 A false discovery rate
threshold was determined for the statistical model using all P
values pooled across all effects included in the model. Analyses were repeated, entering variables that differed significantly between groups as covariates.
Initial longitudinal analyses estimated the full quadratic model
at each vertex but because the squared age term did not contribute significantly to the model across the cortex, a linear model,
which included a term modeling the interaction of group and
time, was used to fit the trajectories. Group differences in the
slope of the trajectory of growth were determined by the significance of the term for the interaction of age and group. In line
with the second hypothesis, we conducted planned pairwise contrasts between the ADHD DRD4 7-repeat carriers and healthy controls (both combined and split by DRD4 genotype). Similar contrasts were made between the DRD1 carriers of the risk allele,
the DAT1 10-repeat allele homozygotes, and healthy controls.
Statistics at every cortical point were visualized through projection onto a standard brain template. Such visualization showed
distinct clusters of cortical points that differed significantly between the groups. Follow-up analyses examined the average
cortical thickness for each of these clusters. Graphs illustrating the developmental trajectories of clusters were generated
using fixed-effects parameter estimates.
Risk genotypes were defined as follows: for the DRD4 gene,
possession of at least 1 copy of the 7-repeat allele; for DAT1,
homozygosity of the 10-repeat allele; and for DRD1, possession of at least 1 copy of the C allele. We tested for additive
effects of risk genotypes using likelihood-ratio tests at each cor-

tical point to assess if the addition of the DRD1 or the DAT1
genotype significantly improved on a model that included only
diagnosis and the DRD4 genotype.
RESULTS

GENOTYPING
The most common DRD4 allele was the 4-repeat (64% in
subjects with ADHD and 72% in healthy controls), followed by the 7-repeat (23% in subjects with ADHD and
17% in controls) and the 2-repeat (10% in subjects with
ADHD and 4% in controls). Other variants were rare. Overall, 45% of the subjects with ADHD and 34% of the healthy
control group were designated at risk on the basis of possession of at least 1 DRD4 7-repeat allele. The most common DAT1 allele was the 10-repeat (71% in both the subjects with ADHD and healthy controls), followed by the
9-repeat (27% in subjects with ADHD and 28% in controls), with other variants at less than 2% in both groups.
Overall, 48.4% of the subjects with ADHD and 49.2% of
the healthy control group were DAT1 10-repeat allele homozygotes. These frequencies are in line with those reported elsewhere.6,33 For the single nucleotide polymorphism in the DRD1 gene, the C allele was more common
in those with ADHD (42% compared with 32% in the healthy
controls). Overall, 62% of the subjects with ADHD were
designated at risk by virtue of possessing at least 1 copy of
the risk allele, compared with 52% of the healthy controls.
Genotypes were in Hardy-Weinberg equilibrium.
DEMOGRAPHIC, CLINICAL, AND
NEUROPSYCHOLOGICAL CHARACTERISTICS
The DRD4 groups were similar in demographic characteristics. Those with the 7-repeat allele had lower teacher
ratings of hyperactivity at baseline but did not differ in
parental ratings of hyperactivity, nor in any measures of
inattentive symptom scores, other baseline clinical variables, or treatment histories. There was a trend to a stronger family history of ADHD in those without the risk allele. Subjects with ADHD without the 7-repeat allele had
a significantly lower IQ than all other groups (Table 1).
Additionally, a significantly smaller proportion of ADHD
DRD4 7-repeat allele carriers still had combined-type
ADHD at follow-up (21%) than noncarriers (51%). There
was a trend to a higher Children’s Global Assessment Scale
score (indicating better overall function) at follow-up in
the ADHD 7-repeat allele carriers.
The ADHD group did not differ significantly by DRD1
risk genotype on clinical or neuropsychological measures, including clinical outcome (data available at http:
//intramural.nimh.nih.gov/chp/AGP_ADHD
_genetics2007. Subjects with ADHD with the DAT1 risk
genotype had a lower mean (SD) IQ at 105 (15) than all
other groups (ADHD nonrisk mean [SD] IQ, 114 [16];
healthy controls with risk genotype mean [SD] IQ, 119
[13]; and healthy controls without risk genotype mean
[SD] IQ, 116 [16]. The difference was significant
(F3,155 =6.7; P ⬍.001), and subjects with ADHD with the
DAT1 risk genotype had a lower IQ than all other groups
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(P⬍.05). There was no significant effect of the DAT1 risk
genotype on clinical outcome (data available at http:
//intramural.nimh.nih.gov/chp/AGP_ADHD
_genetics2007.
ADDITIVE GENE EFFECTS
To assess for additive effects of risk genotype, children
received a score of 0 if they carried no risk genotypes, 1
if they had 1 risk genotype, and so on. A greater number
of DRD4 and DAT1 risk genotypes was significantly associated with a better clinical outcome, although this association was driven mainly by the better outcome of the
DRD4 7-repeat allele group (Table 2). There was no additive effect of the DRD4 and DRD1 risk genotypes on
outcome. There was, however, an additive effect of the
DRD4 and DRD1 risk genotypes in IQ, with an increasing total number of risk genotypes associated with a higher
IQ (again attributable mainly to the DRD4 group). This
was not found in IQ for the combined effect of risk genotypes for DRD4. There was no association between total
number of all 3 risk genotypes with either clinical outcome or IQ. A similar pattern of results was found when
analyses were conducted using the total number of risk
alleles (rather than risk genotype) (data available at
http://intramural.nimh.nih.gov/chp/AGP_ADHD
_genetics2007).
NEUROANATOMY
There was a significant main effect of diagnosis, with the
ADHD group having a thinner cortex in the right, orbitofrontal, superior/medial prefrontal, and posterior parietal cortices (Figure 1A). There was also a significant
main effect of the DRD4 genotype, comparing all those
(both subjects with ADHD and healthy controls) with the
7-repeat allele and those without the allele in very similar cortical regions (Figure 1B). The diagnostic main effect
survived adjustment for multiple comparisons, whereas
the genotypic main effect did not. There were no significant interactions between diagnostic group and the DRD4
risk genotype.
As a result of these overlapping main effects and their
order (cortex thinner in subjects with ADHD than healthy
controls and thinner in DRD4 7-repeat allele carriers than
noncarriers), there was a significant stepwise increase in
cortical thickness in the right orbitofrontal/inferior frontal (␤=0.1; SE= 0.03; t = 3.8; P ⬍ .001) and right parietooccipital regions (␤ = 0.09; SE = 0.02; t = 3.9; P ⬍ .001)
(Figure 2). The ADHD 7-repeat allele carriers had the
thinnest cortex, followed by the ADHD noncarriers, then
the healthy 7-repeat allele carriers, and, finally, the healthy
noncarriers. The regional differences between the ADHD
DRD4 7-repeat allele carriers and healthy noncarriers were
highly significant and survived adjustment for multiple
comparisons (Figure 3).
Analyses were repeated including only non-Hispanic
white individuals and the same pattern of significant results held (details available at http://intramural.nimh.nih
.gov/chp/AGP_ADHD_genetics2007). Adjusting for age,
sex, and IQ as covariates accentuated the differences between the ADHD 7-repeat allele carriers and healthy non-

carriers. The pattern of significant results held when those
with comorbid conduct disorder were excluded.
By contrast, the DAT1 and DRD1 risk genotypes were
associated with very limited significant cortical thinning (Figure 1C and D). The overlap between the main
effects for these risk genotypes and the main effect for
diagnosis was minimal.
LONGITUDINAL ANALYSES
We predicted that ADHD DRD4 7-repeat allele carriers
would converge to the developmental trajectory of the
healthy controls. This prediction was confirmed: the
ADHD 7-repeat allele carriers had a significantly different trajectory from the healthy controls in a region of the
right supramarginal/angular gyrus (t=2.6; P =.009) and
right inferior frontal/lateral orbitofrontal cortex (t=2.3;
P =.02) (Figure 4). The ADHD noncarriers did not differ from healthy controls. When the healthy controls were
further divided on the basis of genotype, the greatest trajectory difference was seen between healthy noncarriers
and the ADHD 7-repeat allele carriers: for the right angular gyral region, t = 2.5; P = .01, and for the right lateral orbitofrontal region, t=2.6; P =.009.
As a result of the trajectory differences, the group differences varied with age, estimated from the regression lines.
In the right orbitofrontal regions, the ADHD carriers started
at age 7 years from a significantly thinner cortex relative
to healthy noncarriers (t=−4; P⬍.001), healthy carriers
(t=−1.8; P=.07), and ADHD noncarriers (t=−2.0; P=.05)
(Figure 5). However, group differences resolved by age
17 years (all pairwise contrasts, P⬎.10). Similarly, in the
posterior region, the cortex was significantly thinner in
ADHD carriers at age 7 years relative to healthy noncarriers (t227 =−3.4; P=.001), healthy carriers (t=2; P=.05), and
ADHD noncarriers (t=2.5; P=.01). Again, no significant
group differences were apparent by age 17 years (all P⬎.10).
By contrast, carriers of the risk DRD1 polymorphism
did not differ in trajectory at any cortical point from the
healthy controls (either combined or split into carriers and
noncarriers) nor from subjects with ADHD without the
risk allele. Likewise, subjects with ADHD homozygous for
the DAT1 10-repeat allele did not differ in trajectories from
their ADHD counterparts who were not homozygous for
the 10-repeat allele, nor from healthy controls. Likelihood ratio tests demonstrated that the addition of neither
the DAT1 nor DRD1 genotype improved on a model that
included just diagnosis and the DRD4 genotype.
COMMENT

We found that a polymorphism of the 48-bp VNTR in
exon 3 of the DRD4 gene was associated with differences in cortical thickness in the right orbitofrontal and
posterior parieto-occipital cortex, regions important in
the control of attention.34,35 Similar regions were found
to be thinner in those with ADHD compared with healthy
controls. As a result of the overlapping main effects of
genotype and diagnosis, there was a stepwise increment
in cortical thickness in these regions, with subjects with
ADHD with the DRD4 7-repeat allele having the thinnest cortex, followed by subjects with ADHD lacking the
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–2.0

D
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–4.5

Figure 1. Overlapping main effects of diagnosis and genotype. In each panel, there is (from left to right) a right lateral, inferior, and superior view of a brain
template. A, Regions where the attention-deficit/hyperactivity disorder (ADHD) group has a significantly thinner cortex vs healthy controls (t⬎ 2; unadjusted
P ⬍.05). B, Regions where carriers of the dopamine D4 receptor (DRD4 ) 7-repeat allele have a thinner cortex vs noncarriers. C, Regions where the dopamine
transporter (DAT1) 10-repeat allele homozygotes have a thinner cortex vs others. D, Regions where the dopamine D1 receptor (DRD1) risk allele carriers have a
thinner cortex vs others (B-D, combining all subjects regardless of diagnosis).

7-repeat allele, healthy 7-repeat allele carriers, and finally by healthy noncarriers. There was no significant interaction between genotype and diagnosis and thus no
regions where possession of the 7-repeat allele had significantly different effects on cortical thickness in the
ADHD compared with the healthy group. Longitudinal
analyses demonstrated that the neuroanatomical correlates of genotype were most apparent early in development and resolved by late adolescence. Additionally,
ADHD carriers of the 7-repeat allele had better clinical

outcome and showed normalization of the right parietal
cortex, a region we previously associated with better clinical outcome.23 Two other polymorphisms of the dopamine transmitter system, in the DRD1 and DAT1 genes,
lacked these neuroanatomical correlates. This highlights the specificity of our findings for the DRD4
polymorphism and is consistent with the less robust
evidence for association between single nucleotide polymorphisms in the DRD1 gene and ADHD36 and the paucity of cortical expression of the DAT1 gene.15,20
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Figure 2. Brain maps showing the cortical regions where the main effects of diagnosis and dopamine D4 receptor (DRD4 ) genotype overlapped. Accompanying
graphs of mean (SEM) thickness in the right orbitofrontal/inferior frontal region (A) and right posterior parieto-occipital region (B). ADHD indicates
attention-deficit/hyperactivity disorder; 7R⫹, carrier of the DRD4 7-repeat allele; 7R−, noncarrier of the DRD4 7-repeat allele; NV, healthy controls.

The overlapping main effects of diagnosis and DRD4
genotype in regions important for the control of attention suggest similar neuroanatomical changes associated with the DRD4 7-repeat allele in those with ADHD
and typically developing children. This is congruent with
the concept of ADHD as representing the extremes of normally distributed traits with multiple genetic determinants.37,38 According to this model, the effects of the relatively common DRD4 7-repeat allele summate or interact
with multiple other genetic and nongenetic factors in the
pathogenesis of ADHD.
It has been proposed that the DRD4 7-repeat allele defines a subtype of ADHD characterized by relatively intact cognition and perhaps even advantageous traits in

keeping with the status of the 7-repeat allele as a relatively new genetic variant under positive selection.39 In
this context, our finding of a higher IQ in subjects with
ADHD with the 7-repeat allele is of note, although there
are contradictory findings.6
Cross-sectional studies have found regional increases
in cortical thickness to correlate with cognitive function,
including enhanced verbal declarative and extinction
memory, and with “fluid” intelligence in older, healthy subjects.40-42 In children, gains in verbal knowledge are mirrored by change in the cortical thickness of speech areas.43
While our current study demonstrates changes in cortical
thickness and symptoms occurring in tandem, a future goal
is to refine further our appreciation of cortical thickness
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Figure 3. Cortical thinning in dopamine D4 receptor (DRD4 ) 7-repeat allele carriers compared against healthy controls without the DRD4 7-repeat allele. Regions
where the group differences were significant after adjustment for multiple comparisons are shown.
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Figure 4. Brain maps of clusters where attention-deficit/hyperactivity disorder (ADHD) carriers of the 7-repeat allele differ in trajectory of cortical growth and
graphs illustrating trajectories for these clusters. A, Right lateral orbitofrontal area, with a significant difference in shape between ADHD carriers and healthy
noncarriers (P = .01). B, Right angular gyrus, with a significant difference between ADHD carriers and healthy noncarriers (P = .007).
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Figure 5. Cortical thinning at baseline in attention-deficit/hyperactivity disorder (ADHD) carriers of the 7-repeat allele corrects with age. Contrast between ADHD
carriers and healthy controls without the 7-repeat allele from age 8 years through 16 years illustrating the resolution of regional cortical thinning with age
(contrasts set at t ⬎2).

by examining the links between this neuroanatomical variable and putative cognitive endophenotypes for ADHD, such
as response inhibition and working memory.
LONGITUDINAL FINDINGS
Our longitudinal finding is unique in its links between
genotype, clinical outcome, and cortical change. The
localization of cortical normalization to right parietal cortical regions was predicted among the subjects with ADHD
with the 7-repeat allele in view of their better clinical outcome. The region overlaps with the right inferior parietal cortical region, which showed functional plasticity
in healthy controls following a working memory training intervention that ameliorates symptoms of ADHD in
children.44,45 The findings were also specific: neither the
DRD1 nor DAT1 polymorphisms were individually linked
with clinical outcome and neither polymorphism showed
any pattern of cortical normalization. We cannot, however, infer causality between effects in our descriptive
study; while genotype may determine better clinical outcome, which could in turn mold cortical development,
it is equally plausible, for example, that genotype may
directly influence cortical development and thus engender clinical improvement. While the DRD4 genotype
groups differed in baseline teacher ratings of hyperactivity, there was no difference in parental hyperactivity
ratings at baseline, nor in any other clinical or treatment variable. Thus, initial clinical differences are unlikely to account for the different outcome related to genotype, especially because follow-up assessment mainly
relied on information from the child and parent, but not
the teacher. We were also unable to conduct analyses on
the ADHD 7-repeat allele carriers further subdivided into
those who improved and those who did not because there
were only 6 subjects in the latter group, insufficient for

our longitudinal analytic approach. This underscores the
need for future multisite collaborations to allow an adequately powered test of the possibility that cortical normalization is particularly prominent within ADHD DRD4
7-repeat allele carriers who show clinical improvement.
Theoretically, our longitudinal finding of cortical effects of the DRD4 7-repeat allele detected principally in
childhood is compatible with differential gene expression during development, a finding congruent with twin
studies, which suggests a combination of dynamic, as well
as stable, genetic factors over time in ADHD.46,47
RELATIONSHIP WITH PREVIOUS STUDIES
We previously reported that (regardless of genotype) only
the caudate, but not gray matter lobes, normalized in volume in ADHD48 and did not find a link between lobar
volumes and the DRD4 7-repeat allele.16 We now expand on these earlier findings by demonstrating highly
regional cortical change, undetectable at a volumetric lobar level, that related to DRD4 genotype on an expanded genotyped sample of 103 subjects with ADHD
(compared with 41 in our original genetic study). Our
finding of a lack of effect of the DAT1 risk genotype on
cortical thickness is in keeping with a previous demonstration of no association with prefrontal gray matter volume among 30 subjects with ADHD and their unaffected siblings.15 However, this study also found decreased
prefrontal volume among carriers of the common DRD4
4-repeat allele (and thus presumably a relative increase
in those with the 7-repeat allele), which is less congruent with our finding of a thinner cortex in the DRD4
7-repeat carriers.
Mill and colleagues6 reported a worse outcome among
DRD4 7-repeat allele carriers in a cohort of children with
ADHD, an effect that was augmented when combined with
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possession of the DAT1 risk genotype. We found the reverse pattern, with significant additive effects favoring
better clinical outcome, driven mainly by the association between better outcome and the DRD4 7-repeat allele. The discrepant results may reflect the relatively small
sample sizes of both studies, with follow-up on 49 children with ADHD in the Mill and colleagues study and
65 children in our study. Also, in the Mill and colleagues epidemiological study, 62% of the ADHD population with outcome data had comorbid conduct disorder, compared with our selected clinical cohort, which
had a high proportion of girls and low rates of comorbid
conduct disorder. Given the possible relationship between the DRD4 7-repeat allele and combined ADHD and
conduct disorder,13,49 such differences are likely to be important. Additionally, to determine outcome, Mill and colleagues used an outcome scale measuring adult psychosocial adjustment rather than symptoms of ADHD, which
we used. In the Mill and colleagues study, the worse outcome in the DRD4 7-repeat allele carriers did not remain after adjustment for differences in IQ, unlike our
neuroanatomical findings, which became more pronounced after controlling for IQ. However, we did replicate the finding by Mill and colleagues of a lower IQ in
association with homozygosity for the 10-repeat allele of
the DAT1 gene. Our phenotype of better outcome in
ADHD carriers of the DRD4 7-repeat allele was not found
by Barkley and colleagues.10 However, the final assessment in their predominately male population was conducted at a later age (mean age, 20 years) than in our study
and data on adolescent outcome are not given.

throughout follow-up was high but critically did not differ by genotype or by clinical outcome.
CONCLUSIONS

The 48-bp VNTR in exon 3 in the DRD4 gene appears to
influence cortical structure in a similar manner in cortical regions important for the control of attention in those
with ADHD and typically developing children. The effects of the polymorphism were detectable predominately in childhood, a finding of interest given our phenotype of better clinical outcome associated with the DRD4
7-repeat allele variant and the natural history of improvement in ADHD with age.
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