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Objective: Family, twin, and adoption
studies show attention deficit hyperactiv-
ity disorder (ADHD) to have a substantial
genetic component. Although several
studies have shown an association be-
tween ADHD and the 7-repeat allele of the
dopamine D4 receptor gene (DRD4), sev-
eral studies have not. Thus, the status of
the ADHD-DRD4 association is uncertain.

Method: Meta-analysis was applied to
case-control and family-based studies of
the association between ADHD and DRD4
to assess the joint evidence for the associ-
ation, the influence of individual studies,

Results: For both the case-control and
family-based studies, the authors found
1) support for the association between
ADHD and DRD4, 2) no evidence that this
association was accounted for by any one
study, and 3) no evidence for publication
bias.

Conclusions: Although the association
between ADHD and DRD4 is small, these
results suggest that it is real. Further stud-
ies are needed to clarify what variant of
DRD4 (or some nearby gene) accounts for
this association.

and evidence for publication bias.

(Am J Psychiatry 2001; 158:1052-1057)

Attention deficit hyperactivity disorder (ADHD) is a
childhood-onset psychiatric disorder whose cardinal
symptoms are inattention, hyperactivity, and impulsivity.
Although the details of ADHD’s etiology and pathophysi-
ology are still being worked out, the available data impli-
cate dysregulation of catecholaminergic systems (1), and
several lines of data implicate genes in the etiology of
ADHD (2). The biological relatives of children with ADHD
are at greater than normal risk for ADHD, twin studies
show ADHD to be highly heritable, and adoption studies
suggest that biological, not adoptive, relationships medi-
ate the familial transmission of the disorder. Although
ADHD’s mechanism of inheritance is unknown, its high
population prevalence (5% to 10%) and modest risk to
first-degree relatives (about 15% to 20%) suggest that the
mechanism of transmission is complex (3).

Molecular genetic studies of ADHD have focussed on
genes in catecholaminergic pathways because animal
models, theoretical considerations, and the effectiveness
of stimulant treatment implicate catecholaminergic dys-
function in the pathophysiology of the disorder (1). The
dopamine D4 receptor gene (DRD4) was examined in
many studies, after LaHoste et al. (4) found that ADHD pa-
tients were more likely to carry the DRD4 7-repeat allele
than were comparison subjects. Since that initial report,
there have been several attempts to replicate this finding
by using either case-control studies (5-11) or family-based
association studies (6, 7, 9-20). Unfortunately, neither
type of study has consistently confirmed the putative as-
sociation between ADHD and the DRD4 7-repeat allele.
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These ambiguous findings for ADHD and DRD4 are not
unusual for psychiatric genetic studies (3). Suarez et al. (21)
used statistical simulations to illustrate one cause of this
problem. Their simulations were based on the assumption
that, because psychiatric disorders are likely to be mediated
by many genes acting in concert, each of these genes indi-
vidually exerts only a small effect on the disorder. Although
genes of such small effect should be difficult to detect, be-
cause many are involved, the power of an initial study to de-
tect one gene from the set should be reasonably high. The
simulations of Suarez et al. showed that a replication study
would also have reasonable power to detect one gene from
the set but that the probability that the same gene would be
detected would be low. For the replication study to have
sufficient power to detect the previously detected gene, it
must use a much larger sample.

To deal with the ambiguities raised by inconsistent re-
sults among molecular genetic studies, Rice (22) suggested
that the statistical method of meta-analysis be used to rec-
oncile conflicting findings. This method is used to examine
whether the aggregate evidence across all available studies
provides evidence of statistical significance. Thus, to exam-
ine the putative association between ADHD and the DRD4
7-repeat allele, we applied meta-analysis to all available
case-control and family-based association studies.

Method

We identified all available studies of the association between
ADHD and DRD4 by 1) searching journal abstracts available on-
line through PubMed at the National Library of Medicine, 2) re-
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TABLE 1. Case-Control Studies of Association Between ADHD and 7-Repeat Allele of Dopamine D4 Receptor Gene

Number of Alleles

Subjects  Comparison  Diagnostic
Study Country With ADHD  Subjects System Method of Assessment? Informants
LaHoste et al., 1996 (4) u.s. 78 78 DSM-IV Diagnostic interview (DISC) Not reported
Castellanos et al., 1998 (5)  U.S. 112 82 DSM-III-R Diagnostic interview (DICA-R with Parent and teacher
parent or SADS with adult comparison
subject); Conners parent and teacher
rating scales
Rowe et al., 1998 (6) u.s. 214 114 DSM-IV Emory Diagnostic Rating Scale Mother and father
Swanson et al., 1998 (7) u.s. 104 104 DSM-IV and  Clinical diagnosis confirmed by Parent and teacher
ICD-10 diagnostic interview (DISC); SNAP to
document severity of DISC symptoms
Comings et al., 1999 (8) u.s. 104 1,474 DSM-III-R Human Behavioral Questionnaire Not reported
and DSM-IV  (based on DIS)
Mill et al., in press (9) U.K. 264 200 DSM-IV Diagnostic interview (CAPA); Conners Mother and teacher
parent and teacher rating scales
Holmes et al., 2000 (10) U.K. 258 884 ICD-10, Diagnostic interview (CAPA); Mother and teacher
DSM-I1I-R, unpublished telephone interview
or DSM-IV with teacher
Muglia et al., 2000 (11) Canada 132 132 DSM-IV Diagnostic interview (SCID); rating scales Proband and

(WURS, BADDS, CAARS) collateral reporter

a4 BADDS=Brown Attention Deficit Disorder Scale; CAARS=Conners Adult ADHD Rating Scale; CAPA=Child and Adolescent Psychiatric Assess-
ment; DICA-R=Diagnostic Interview for Children and Adolescents—Revised; DIS=Diagnostic Interview Schedule; DISC=Diagnostic Interview
Schedule for Children; SADS=Schedule for Affective Disorders and Schizophrenia; SCID=Structured Clinical Interview for DSM-1V; SNAP=Swan-

son, Nolan, and Pelham scale; WURS=Wender Utah Rating Scale.

questing ADHD-DRD4 association data from colleagues present-
ing such data at national meetings, and 3) querying members of
the ADHD molecular genetics e-mail network (funded by NIMH)
about the existence of other ADHD-DRD4 data sets that had been
published or were being prepared for publication (these latter
studies were used with permission of the authors). All studies
identified were included.

All of the data we analyzed have been previously published
with two exceptions. Data presented at a meeting by one of us (20)
are an expansion of those in a published report (13). The data set
of Castellanos, described in a conference report (18), expands on
a published work by Castellanos et al. (5). The studies that pro-
vided case-control and family-based data are described in Table 1
and Table 2, respectively. Studies that provided both types of data
are described in both tables.

We performed two meta-analyses, one for the case-control
studies and one for the family-based studies. For the case-control
data, each study provided the two-by-two table classifying sub-
jects by diagnosis (ADHD or not) and DRD4 7-repeat allele status
(present or not). For the family-based data, each study provided
the two-by-two haplotype-based haplotype relative risk table,
which classifies parental alleles by type of allele (7-repeat or not)
and transmission status (transmitted to the ADHD child or not)
(23). We summarized the strength of association in these two-by-
two tables by using the odds ratio. For case-control studies, the
odds ratio is an estimate of the relative risk, which indicates the
odds of having the 7-repeat allele among individuals with ADHD
in relation to the odds for individuals without ADHD. For family-
based studies, the odds ratio is an estimate of the haplotype rela-
tive risk, the odds of transmission to individuals with ADHD of
the 7-repeat allele in relation to other alleles. Knapp et al. (24)
showed that when there is no recombination between the marker
and disease gene, haplotype relative risk is equal to relative risk.
Otherwise, when marker and disease show a positive association,
relative risk is equal to or greater than haplotype relative risk. We
also computed the attributable fraction in the population, which
indicates the fraction of ADHD cases in the population that can
be attributed to the DRD4 7-repeat allele.

We used a random effects meta-analysis to analyze the odds ra-
tios by using the method of Carlin (25). To determine whether the
results of the meta-analysis were unduly influenced by any one
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study, we recomputed the meta-analysis statistic after deleting
each study one at a time. We assessed publication bias by using
the method of Egger et al. (26). This method is based on the fact
that the precision of the odds ratio increases with larger study
groups. The method regresses the standard normal deviate of the
odds ratio (the odds ratio divided by its standard error) against
the precision of the odds ratio (the inverse of its standard error).
In the absence of bias, Egger et al. showed that the regression of
the standard normal deviate on precision of the odds ratio should
run through the origin (i.e., small study groups with low precision
have large standard errors and therefore small standard normal
deviates; large study groups have higher precision, smaller stan-
dard errors, and large standard normal deviates). The publication
bias statistic of Egger et al. is the intercept of the regression, which
will be significantly greater than zero in the presence of publica-
tion bias. For all analyses we used Stata 6.0 (27).

Results

Table 3 gives the odds ratios and their 95% confidence
intervals (CIs) for the eight case-control studies. Five of
eight studies showed a significant association between
ADHD and the DRD4 7-repeat allele, as indicated by a CI
not including 1.0. The combined estimate was 1.9 and was
statistically significant (z=5.2, p<0.001; 95% CI for odds ra-
tio=1.5-2.2). There was no statistically significant evi-
dence for heterogeneity of the odds ratio among the case-
control studies (x?=6.5, df=6, p=0.42). The population at-
tributable risk was 0.14.

Table 4 presents a sensitivity analysis in which the com-
bined estimate of the odds ratio was computed after omis-
sion of one study at a time. This analysis shows whether
the significance of the combined estimate can be attrib-
uted to a single study. Table 4 shows that the estimates of
the combined odds ratio range from 1.7 to 2.0, suggesting
that no one study is heavily influencing the combined es-
timate. Moreover, the CIs in Table 4 show that the com-
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TABLE 2. Family-Based Studies of Association Between ADHD and 7-Repeat Allele of Dopamine D4 Receptor Gene

Number of Alleles

Subjects  Comparison Diagnostic
Study Country With ADHD  Subjects System Method of Assessment? Informant
Rowe et al., 1998 u.s. 126 126 DSM-IV Emory Diagnostic Rating Scale Mother and
(6) father
Swanson et al. u.s. 104 104 DSM-IV Diagnostic interview (DISC); SNAP to document severity Parent and
1998 (7) of DISC symptoms teacher
Mill etal., in press U.K. 66 66 DSM-IV Diagnostic interview (CAPA); Conners parent and teacher Mother and
9) rating scales teacher
Holmes et al., U.K. 115 115 1CD-10, Diagnostic interview (CAPA); unpublished telephone Mother and
2000 (10) DSM-III-R,  interview with teacher teacher
or DSM-IV
Muglia et al., Canada 31 31 DSM-IV Diagnostic interview (SCID); rating scales (WURS, BADDS, Proband and
2000 (11) CAARS) collateral
reporter
Kotler etal., 2000 Israel 98 98 DSM-1V Semistructured diagnostic interview based on DSM-IV Parent,

(12) (not named); Conners parent and teacher rating proband,
scales; Child Behavior Checklist and Teacher’s Report and teacher
Form

Sunohara et al., Canada 99 99 DSM-IV Diagnostic interview (PICS-1V); teacher telephone Parent,

2000 (14) interview (TTI-1V); Conners revised parent and teacher ~ proband,
rating scales; Ontario Child Health Survey Scales— and teacher
Revised; Children’s Depression Inventory; Children’s
Manifest Anxiety Scale

u.s. 20 20 DSM-IV Diagnostic interview (DISC); SNAP to document severity Parent and
of DISC symptoms teacher
Smalley et al,, u.s. 220 220 DSM-III-R  Diagnostic interview (K-SADS); teacher and parent rating Parent,
1998 (15) and scales (not named) proband
DSM-IV (=8 years),
and teacher
Eisenberg et al., Israel 98 98 DSM-IV Diagnostic interview (K-SADS); Conners teacher rating Mother,

2000 (16) scale; proband interview for borderline cases (when proband,
Conners score was <1.5 or DSM-IV criteria were not and teacher
met)

Tahir et al., 2000  Turkey 177 177 DSM-IV Diagnostic interview (K-SADS); Conners teacher rating
(17) scale
Castellanos, 2000 u.s. 224 224 DSM-III-R Diagnostic interview (DICA-R with parent or SADS with ~ Parent and

(18) adult comparison subject); Conners parent and teacher

teacher rating scales; Child Behavior Checklist
Hawi et al., 2000 Ireland 177 177 DSM-1V Consensus of clinicians based on Child Behavior Parent,

(19) Checklist, Conners parent and teacher rating scales, proband,

and Teacher’s Rating Scale and teacher
Faraone, 1999 u.s. 110 110 DSM-IV Diagnostic interview (K-SADS) Proband
(20)

2 BADDS=Brown Attention Deficit Disorder Scale; CAARS=Conners Adult ADHD Rating Scale; CAPA=Child and Adolescent Psychiatric Assess-
ment; DICA-R=Diagnostic Interview for Children and Adolescents—Revised; DISC=Diagnostic Interview Schedule for Children; K-SADS=
Schedule for Affective Disorders and Schizophrenia for School Age Children; PICS-IV=Parent Interview for Child Symptoms; SCID=Structured
Clinical Interview for DSM-IV; SNAP=Swanson, Nolan, and Pelham scale; TTI-IV=Teacher Telephone Interview; WURS=Wender Utah Rating

Scale.

TABLE 3. Meta-Analysis of Case-Control Studies of Associa-
tion Between ADHD and 7-Repeat Allele of Dopamine D4

Receptor Gene

TABLE 4. Sensitivity Analysis of Case-Control Studies of
Association Between ADHD and 7-Repeat Allele of Dopa-

mine D4 Receptor Gene

Relative Risk?

Study 0dds Ratio 95% Cl
LaHoste et al., 1996 (4) 3.0 1.3-7.1
Castellanos et al., 1998 (5) 0.9 0.5-1.8
Rowe et al., 1998 (6) 2.0 1.1-3.8
Swanson et al., 1998 (7) 1.8 1.0-3.6
Comings et al., 1999 (8) 1.4 0.8-2.4
Mill et al., in press (9) 2.1 1.3-3.5
Holmes et al., 2000 (10) 1.9 1.3-2.7
Muglia et al., 2000 (11) 2.5 1.2-5.0
Combined 1.9 1.5-2.2

Combined Estimate of Relative
Risk? After Omission of Study

Study Omitted 0dds Ratio 95% Cl
LaHoste et al., 1996 (4) 1.7 1.4-2.1
Castellanos et al., 1998 (5) 1.8 1.4-23
Rowe et al., 1998 (6) 20 1.6-23
Swanson et al., 1998 (7) 1.9 1.5-2.4
Comings et al., 1999 (8) 1.9 1.4-2.4
Mill et al., in press (9) 1.8 14-23
Holmes et al., 2000 (10) 1.9 1.4-23
Muglia et al., 2000 (11) 1.9 1.5-2.4

aThe increase in the odds of having the 7-repeat allele among
subjects with ADHD as compared to subjects without ADHD.
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aThe increase in the odds of having the 7-repeat allele among
subjects with ADHD as compared to subjects without ADHD.
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FIGURE 1. Publication Bias® Plotted According to Method
of Egger et al. (26) for Case-Control Studies of Association
Between ADHD and 7-Repeat Allele of Dopamine D4
Receptor Gene
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Precision of Odds Ratio
(inverse of standard error)

2 Bias toward publication of research with statistically significant re-
sults rather than research with null or nonsignificant findings. The
odds ratio indicates the odds of having the 7-repeat allele for indi-
viduals with ADHD in relation to the odds for individuals without
ADHD. The specific studies involved are listed in Table 1.

bined odds ratio retains statistical significance regardless
of which study is deleted.

For the case-control studies, the publication bias statis-
tic of Egger et al. was not significant (statistic=0.2, t=0.2,
df=7, p=0.81), suggesting no publication bias. The regres-
sion plot determined by the method of Egger et al. (Figure
1) shows the pattern expected for the absence of publica-
tion bias (see Method section).

Table 5 gives the odds ratios and their 95% ClIs for the 14
family-based studies. Although nine of these studies
showed a positive association between ADHD and the
DRD4 7-repeat allele, only two showed a statistically sig-
nificant effect. The combined estimate was 1.4, and it was
statistically significant (z=2.3, p=0.02, 95% CI for odds ra-
tio=1.1-1.6). There was no statistically significant evi-
dence for heterogeneity of the odds ratio among the fam-
ily-based studies (x?=19.3, df=13, p=0.12). The population
attributable risk was 0.09.

Table 6 shows the sensitivity analysis for the family-
based studies. Estimates of the combined odds ratio range
from 1.3 to 1.4, suggesting that no one study unduly influ-
enced the combined estimate. As Table 6 shows, the com-
bined odds ratio was statistically significant regardless of
which study is deleted.

The publication bias statistic of Egger et al. was not sig-
nificant (statistic=-0.6, t=—0.5, df=13, p=0.62), suggesting
no publication bias for the family-based studies. The re-
gression plot (Figure 2) shows the pattern expected for the
absence of publication bias.

Discussion

Our meta-analysis showed a small but statistically sig-
nificant association between ADHD and the 7-repeat al-
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TABLE 5. Meta-Analysis of Family-Based Studies of Associa-
tion Between ADHD and 7-Repeat Allele of Dopamine D4
Receptor Gene

Haplotype Relative Risk?

Study 0dds Ratio 95% Cl
Rowe et al., 1998 (6) 0.8 0.4-1.5
Swanson et al., 1998 (7) 2.1 1.1-4.1
Mill et al., in press (9) 1.4 0.6-3.4
Holmes et al., 2000 (10) 1.0 0.6-1.7
Muglia et al., 2000 (11) 1.7 0.6-4.8
Kotler et al., 2000 (12) 0.5 0.2-1.0
Sunohara et al., 2000 (14), U.S. 1.0 0.3-3.7
Sunohara et al., 2000 (14), Canada 19 1.0-3.4
Smalley et al., 1998 (15) 1.7 1.1-2.6
Eisenberg et al., 2000 (16) 0.9 0.4-1.8
Tahir et al., 2000 (17) 1.8 0.9-3.5
Castellanos, 2000 (18) 1.2 0.8-2.0
Hawi et al., 2000 (19) 1.2 0.7-1.9
Faraone, 1999 (20) 1.8 0.8-3.9
Combined 1.4 1.1-1.6

2 The increase in the odds of allele transmission to individuals with
ADHD for the 7-repeat allele compared to other alleles.

lele of DRDA4. This association was statistically significant
in separate analyses of eight case-control studies and 14
family-based studies. For each type of study, there was no
evidence for heterogeneity of the odds ratio across stud-
ies, no evidence that a single study accounted for the
significance or magnitude of the association, and no
evidence for publication bias. Thus, our meta-analyses
suggest that DRD4 is a susceptibility gene for ADHD.

The lack of heterogeneity among studies within each type
of study is surprising given the wide range of clinical meth-
ods used (Table 1 and Table 2). Had we found statistical het-
erogeneity among studies, that finding would have attrib-
uted between-study differences to differences in methods
of assessment, diagnosis, or ascertainment. But since we
did not find statistical heterogeneity, it is reasonable to at-
tribute differences among studies to chance fluctuations.
This further suggests that it is appropriate to use meta-anal-
ysis to estimate a common odd ratios across studies.

Although there are about one-half as many case-control
as family-based studies, the former studies provide much
stronger evidence for the association between ADHD and
DRD4. Notably, despite the significant meta-analysis find-
ings, the results of only two of the 14 individual family-
based studies were significant. Although counterintuitive,
this likely reflects the low power of individual studies. This
idea is supported by the fact that nine of the 14 fourteen
studies had odds ratios greater than 1.0. Although the
weaker result from the family-based studies can be seen as
a confirmation of a prior hypothesis (i.e., the initial report of
LaHoste et al. [4]), the family-based data are less clear in as-
serting a significant association between ADHD and DRDA4.

Case-control studies can be confounded by population
admixture, and the prevalence of the 7-repeat allele is
known to vary widely among ethnic groups (28). Nonethe-
less, we have three reasons to believe that this confound
cannot explain the apparent association between ADHD
and DRDA4. First, although it is possible that the findings
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TABLE 6. Sensitivity Analysis of Family-Based Studies of
Association Between ADHD and 7-Repeat Allele of Dopa-
mine D4 Receptor Gene

Combined Estimate of
Haplotype Relative Risk? After
Omission of Study

Study Omitted 0dds Ratio 95% Cl
Rowe et al., 1998 (6) 13 1.1-1.6
Swanson et al., 1998 (7) 1.4 1.1-1.7
Mill et al., in press (9) 13 1.1-1.6
Holmes et al., 2000 (10) 1.3 1.1-1.6
Muglia et al., 2000 (11) 1.3 1.1-1.6
Kotler et al., 2000 (12) 1.4 1.1-1.6
Sunohara et al., 2000 (14), U.S. 1.4 1.1-1.7
Sunohara et al., 2000 (14), Canada 1.4 1.2-1.7
Smalley et al., 1998 (15) 1.4 1.1-1.7
Eisenberg et al., 2000 (16) 13 1.1-1.6
Tahir et al., 2000 (17) 1.4 1.2-1.7
Castellanos, 2000 (18) 1.3 1.1-1.6
Hawi et al., 2000 (19) 1.4 1.1-1.6
Faraone, 1999 (20) 1.4 1.1-1.7

2 The increase in the odds of allele transmission to individuals with
ADHD for the 7-repeat allele compared to other alleles.

from the case-control studies are spurious, we view this as
unlikely because it would require us to assume a system-
atic bias in ascertainment across the eight case-control
studies. Second, the haplotype-based haplotype relative
risk method does not give false positive results in the pres-
ence of admixture. Instead, if there is heterogeneity in the
frequencies of marker alleles among families, the haplo-
type-based haplotype relative risk will provide a conserva-
tive statistical test (29). Third, if DRD4 confers susceptibil-
ity to ADHD, there will be zero recombination between
marker and disease gene, and the odds ratios from the
studies with case-control and haplotype-based haplotype
relative risk designs should be identical (24). Although
there is a small difference between the two, it is not signif-
icant according to the overlap in their 95% ClIs.

Other considerations suggest that DRD4 plays a role in
the etiology of ADHD. Both noradrenaline and dopamine
have been implicated in the pathophysiology of ADHD
through animal models and human treatment studies (1).
Both of these neurotransmitters are potent agonists of
DRD4 (30). In vitro studies (31, 32) showed that the DRD4
7-repeat allele mediates a blunted response to dopamine,
although the biological significance for ADHD is not clear
given the small effects found in these studies (33). In addi-
tion, the distribution of DRD4 mRNA in the brain suggests
it plays a role in cognitive and emotional functions, func-
tions implicated in the pathophysiology of ADHD (33).

A link between DRD4 and one of the core features of
ADHD, hyperactivity, was implicated by a “knockout”
mouse study (34). When DRD4 was disabled in mice,
dopamine synthesis increased in the dorsal striatum, and
the mice showed locomotor supersensitivity to ethanol,
cocaine, and methamphetamine. DRD4 knockout mice
also show reduced novelty-related exploration (35), which
is consistent with human data suggesting a role for DRD4
in novelty-seeking behaviors.
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FIGURE 2. Publication Bias® Plotted According to Method
of Egger et al. (26) for Family-Based Studies of Association
Between ADHD and 7-Repeat Allele of Dopamine D4
Receptor Gene

Standardized Effect
(odds ratio divided by standard error)
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Precision of Odds Ratio
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2 Bias toward publication of research with statistically significant re-
sults rather than research with null or nonsignificant findings. The
odds ratio indicates the odds of transmission to individuals with
ADHD of the 7-repeat allele in relation to other alleles. The specific
studies involved are listed in Table 2.

Despite these considerations, we cannot say for sure
that the DRD4 7-repeat allele confers susceptibility to
ADHD. The association could be due to an unknown gene
in linkage disequilibrium with DRD4. Even if DRD4 con-
fers susceptibility to ADHD, it is possible that a DRD4 vari-
ant other than the 7-repeat allele accounts for the ob-
served association with ADHD (36).

Consistent with the idea that ADHD is a complex, multi-
factorial disorder, the magnitude of the association be-
tween DRD4 and ADHD is small. This can be seen in the
low odds ratios and the correspondingly small attributable
risks, which suggest that other genes work in concert with
DRD4 to cause ADHD. Despite this small effect size, future
studies of DRD4 are warranted to determine what variants
of DRD4 or a nearby gene increase susceptibility to ADHD.
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