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Background: Behavioral genetic studies provide strong evidence that attention-deficit/hyperactivity
disorder (ADHD) has a substantial genetic component. Yet, due to the complexity of the ADHD phe-
notype, questions remain as to the specific genes that contribute to this condition as well as the
pathways from genes to behavior. Endophenotypes, or phenotypes that are more closely linked to the
neurobiological substrate of a disorder, offer the potential to address these two issues simultaneously
(Freedman, Adler, & Leonard, 1999). Thus far, potential endophenotypes for ADHD have not been
systematically studied. Method: The current paper reviews evidence supporting the use of deficits on
neurocognitive measures of executive functions for this purpose. Results: Such deficits are a correlate
of ADHD and show preliminary evidence of heritability and association with relevant candidate genes.
Nonetheless, studies that have assessed the familial and genetic overlap of neurocognitive impairments
with ADHD have yielded inconsistent results. Conclusions: In order for executive function deficits to
be used as an endophenotype for ADHD, we recommend greater attention to the neurocognitive
heterogeneity of this disorder and to the precision of measurement of the neuropsychological tests
employed. We also discuss empirical strategies that may be necessary to allow such research to pro-
gress prior to full resolution of the pathophysiological basis of ADHD. Keywords: ADHD, endo-
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Evidence for genetic influences on attention-deficit/
hyperactivity disorder (ADHD) has been accumulat-
ing since the 1960s (Lopez, 1965). Despite a chan-
ging nosology and the use of a variety of assessment
tools, heritability estimates have been strikingly
consistent and high (Faraone et al., in press). Al-
though several candidate genes have been implica-
ted with reasonable certainty, our understanding of
the genetic architecture of ADHD remains limited,
most likely due to the complexity of the phenotype
and its potential genetic heterogeneity (Faraone,
2000).

Although there is no definitive pathophysiological
model of ADHD, dysfunction in fronto-striatal path-
ways has been demonstrated by neuroimaging
studies (Booth et al., 2005; Durston et al., 2003) and
by neuropsychological studies of executive functions
that are associated with frontal systems (Willcutt,
Doyle, Nigg, Faraone, & Pennington, in press b).
Furthermore, some researchers have hypothesized
that a particular component of executive functions
(e.g., deficient inhibitory control (Barkley, 2000) or
working memory (Castellanos & Tannock, 2002))
constitutes a core deficit that lies directly in the
causal pathway leading to the behavioral symptoms
of ADHD. Because neurobehavioral phenotypes may
be more closely linked to gene expression than clin-
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ical phenotypes, interest has grown in using pheno-
types that reflect fronto-striatal brain system
functions to facilitate the genetic dissection of this
condition.

In the current paper, we review evidence for
the utility of executive function measures as an
‘endophenotype’ for ADHD. We start by defining
endophenotypes and justifying their utility by sum-
marizing evidence from molecular genetic studies
that ADHD is a complex phenotype. In the bulk of the
paper, we describe key criteria that must be met for
an endophenotype to be useful and assess the extent
to which executive function deficits meet each cri-
terion. Finally, we highlight areas in which addi-
tional research is needed and offer several
recommendations for future studies.

Endophenotypes

Although the term ‘endophenotype’ has been used in
different ways, virtually all conceptualizations refer
to a phenotype that is more proximal to the biological
etiology of a clinical disorder than its signs and
symptoms and influenced by one or more of the same
genes that confer susceptibility to the condition
(Almasy & Blangero, 2001; Gottesman & Gould,
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2003; Skuse, 2001). Endophenotypes may be par-
ticularly useful for understanding the etiology of
complex disorders in which several genes and envir-
onmental factors influence the phenotype. The power
of these biologically based phenotypes is based on
several assumptions, but most importantly that the
endophenotype is less genetically complex than the
disorder it underlies. This reduced complexity is due
both to the endophenotype’s relative proximity to
gene products in the chain of events leading from
gene to behavior and to its potential to target one of
possibly several pathophysiological deficits that
combine to create the overall condition. Theoretic-
ally, because the endophenotype is influenced by
fewer genetic and environmental risk factors than
the disorder as a whole, its use would result in
greater statistical power to detect the effects of indi-
vidual genes.

Because it is conceptualized as an expression of
the genetic liability for a disorder, the endopheno-
type should appear in individuals who carry genes
for a condition but do not express the disorder itself,
i.e., unaffected relatives of individuals with the
diagnosis. The presence of an endophenotype in
these relatives may further augment the statistical
power of genetic linkage and association studies due
to its increased prevalence compared with the dis-
ease entity, its suitability for quantitative trait ana-
lyses and its ability to clarify affected versus
unaffected status in relatives. If such phenotypes
reflect aspects of the pathophysiology of the disorder
among well relatives, they can also provide a window
into neurobiological risk mechanisms not confoun-
ded by treatment or chronicity.

Finally, endophenotypes may help clarify the
suspected pathophysiological basis of a condition in
addition to identifying the gene or genes that con-
tribute to it (Freedman et al., 1999; Gottesman &
Gould, 2003). If an association between a gene and
the candidate pathophysiological mechanism is
found, expression studies may allow for further elab-
oration or revision of the hypothesized mechanism.
Moreover, endophenotypes could be useful for iden-
tifying processes that mediate/moderate the influ-
ence of early environmental events on the later
development of the disorder.

Although their use in ADHD is relatively new,
endophenotypes have aided the clarification of the
etiology and pathophysiology of several other condi-
tions in medicine and psychiatry (e.g., Borecki, Rao,
Yaouanq, & Lalouel, 1990; Freedman et al., 1997,
2001). Such findings signal the promise of endophe-
notypes to better identify and characterize the nature
of the genetic contributions to complex disorders.

ADHD as a complex phenotype

In behavioral genetic studies of ADHD, the greater
similarity of monozygotic (MZ) versus dizygotic (DZ)
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twins, coupled with closer resemblance of biological
versus adoptive relatives for the disorder, provides
clear evidence that liability to ADHD is under sub-
stantial genetic influence (Thapar, Holmes, Poulton,
& Harrington, 1999; Waldman & Rhee, 2002). Her-
itability estimates suggest that over 70% of the
phenotypic variability in ADHD is due to genetic
factors (Faraone et al., in press). To identify the
specific genes that increase susceptibility to ADHD,
researchers have used two main methods — candid-
ate gene studies and genetic linkage studies (for
details about these methods, see Pennington, 2002).

Candidate gene studies. Genes from catecholamine
systems are etiological candidates for ADHD because
these neurotransmitters have been implicated in the
pharmacotherapy of the disorder (Biederman, 1997),
animal models of hyperactivity (e.g., de Villiers et al.,
1995; Russell, de Villiers, Sagvolden, Lamm, &
Taljaard, 1995; Shaywitz, Cohen, & Shaywitz,
1978) and studies of attention in humans (Clark,
Geffen, & Geffen, 1989) and animals (Arnsten,
2001). Recently, animal and human studies have
generated interest in serotonin as having both a
direct impact on ADHD as well as an indirect role
through its regulatory influence on dopaminergic
pathways (Quist & Kennedy, 2001).

A recent meta-analytic review concluded that
several genes from the catecholamine and serotonin
systems confer susceptibility to ADHD (Faraone
et al., in press). These include genes for two post-
synaptic dopamine receptors (DRD4 and DRDS5), the
dopamine transporter protein (DAT1), dopamine
beta hydroxylase (DBH; an enzyme involved in the
conversion of dopamine to norepinephrine), a post-
synaptic serotonin receptor (SHTR1B), the serotonin
transporter protein (SHTT), and a protein identified
via animal models of hyperactivity that is involved in
neurotransmitter release (SNAP-25). These genes
showed significant associations with the ADHD
phenotype, with pooled odds ratios ranging from 1.2
to 1.5. Results suggest that these effects are real but
that the impact of the individual genes on ADHD is
likely to be small.

Additionally, inconsistencies across studies are
notable (Faraone et al., in press). One explanation
for inconsistencies is that non-significant findings
may result from low statistical power to detect small
effects. Yet, a close look at the data suggests that
power may account for some (e.g., Payton et al.,
2001) but not all (e.g., Smith et al., 2003) negative
findings. Inconsistencies may also reflect the poly-
genic nature of ADHD and/or the genetic hetero-
geneity of the disorder that has been suggested by
twin and family studies (Faraone, 1999; Rasmussen
et al., 2002; Todd et al., 2001). Although this hetero-
geneity has not been definitively parsed, promising
subtypes include those delineated by comorbidity
with conduct disorder and bipolar disorder (Doyle &
Faraone, 2002; Faraone, Biederman, & Monuteaux,
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2000b), persistence of ADHD into adolescence
(Faraone, Biederman, Feighner, & Monuteaux,
2000a; Faraone et al., 2000b), empirically derived
latent classes (Todd, 2000) and, in population but
not clinical samples, DSM-IV subtypes (Faraone,
2002). Genetic heterogeneity would be consistent
with the phenotypic heterogeneity that has long been
recognized for ADHD (e.g., American Psychiatric
Association, 1980, 1994; Biederman, Newcorn, &
Sprich, 1991). Recently, molecular genetic studies
have begun to explore sources of heterogeneity, such
as DSM-IV subtypes (McCracken et al., 2000; Rowe
et al., 1998; Waldman et al., 1998), with intriguing
but not definitive results, suggesting that large
samples are needed to guard against Type Il errors in
subgroup analyses.

Linkage studies. Linkage studies of ADHD show
inconsistencies with one another, as well. In
linkage analysis, broad sections of the genome are
screened systematically to identify chromosomal
regions that are shared by affected relatives more
often than expected by chance. To date, three
research groups have published whole genome
scans for genetic loci involved in ADHD. In the first
study of this kind, researchers from UCLA (Fisher
et al., 2002) examined 126 affected sibling pairs
(ASPs) with DSM-IV ADHD. Four chromosomal
regions emerged as showing some evidence of
linkage (Spl3, 10926, 12923, and 16pl3). In a
second genome-wide scan with a larger sample of
270 sibling pairs (Ogdie et al., 2003), the UCLA
group found stronger evidence for linkage on 16p13
and 17pl1. Using 117 ASPs, a Dutch research group
(Bakker et al., 2003) found significant evidence for
linkage at 7pl3 and 15ql5, with other non-
significant but intriguing results including the
Spl3 region. Finally, a genome-wide scan of
families from a genetically isolated community in
Colombia implicated regions on 8ql2, 11923, 4q13,
17p11, 1223, and 8p23 (Arcos-Burgos et al., 2004).

The above findings are striking in their lack of
overlap with one another, with the exception of
17p11 and 5p13, and with regions in which candid-
ate genes for ADHD are known to reside. Although
fine mapping and replication with larger samples
may reveal greater overlap in the above samples,
Suarez, Hampe, and van Eerdewegh (1994) have
shown how the low power of genome scans to find
genes of small effect could lead to an inconsistent
pattern of replication. Additionally, differences in
sample characteristics (e.g., proportion of DSM-IV
subtypes, ethnicity, comorbidity, sex ratio and socio-
economic status) may also account for divergent
findings.

Multifactorial models of ADHD. The above data
from candidate gene and linkage studies suggest
that ADHD is influenced by multiple genes of small
effect, rather than a single major gene. Additionally,

the fact that correlations between MZ twins are less
than 1.0 indicates that non-genetic influences are
also operational. Thus, the pattern of inheritance of
ADHD can be considered multifactorial or ‘complex.’
Within this framework, there are several ways these
genetic and nongenetic factors could combine to
influence the phenotype. One possibility is that there
are multiple independent pathways to ADHD, each
of which contains genes that are necessary and
sufficient to cause a subset of ADHD cases. A second
possibility is a polygenic model in which multiple
genes increase risk a small amount and no gene is
necessary or sufficient to cause ADHD. Such models
have implications for endophenotype selection and
will be discussed more extensively later.

Summary. Molecular genetic studies of ADHD have
yielded inconsistent results, some of which have
been resolved systematically with meta-analysis.
These findings suggest the presence of genes of
small effect and/or heterogeneity that, in turn,
highlight the need for large samples or the
targeting of phenotypes on which genes exert a
large effect. Heritable endophenotypes linked to the
biological basis of ADHD may therefore be useful
targets because the genes they share with ADHD
may have a greater effect on the endophenotype than
on the disorder itself and may therefore be easier to
detect.

Criteria for an endophenotype

Several researchers have proposed criteria for useful
endophenotypes with regard to schizophrenia and
psychiatric conditions in general (Almasy & Blan-
gero, 2001; Gottesman & Gould, 2003; Leboyer
et al.,, 1998; Skuse, 2001). Recently, researchers
have begun to discuss these criteria with regard to
ADHD (Faraone, 2003; Faraone, submitted; Wald-
man, submitted). While there is no universally
agreed-upon definition of a promising endopheno-
type, proposals share several key elements.

First, a useful endophenotype should co-occur
with the condition of interest. Some have argued that
an endophenotype should be disease-specific
(Skuse, 2001); yet, since the endophenotype may be
associated with a common gene variant that has a
moderate causal influence on multiple disorders, we
agree with others (Almasy & Blangero, 2001; Belli-
vier et al., 1998; Garber & Hollon, 1991; Leboyer
et al., 1998) that specificity is useful but not a
requirement. Similarly, some have argued that the
endophenotype should be universal within the dis-
ease condition (see Faraone, 2003). However, the
probable etiologic heterogeneity of ADHD suggests
that it is unlikely that any endophenotype will be
present in all individuals with ADHD. Indeed, endo-
phenotypes may be particularly helpful for elucidat-
ing risk mechanisms in genetically heterogeneous



disorders (Freedman etal., 1999). We therefore
contend that universality is also not a necessary
criterion.

Second, the endophenotype should be a trait that
can be measured reliably. Although it has been ar-
gued that the endophenotype should have temporal
stability and occur before the onset of the illness
(Bellivier et al., 1998; Skuse, 2001), the possibility
that gene expression varies with development or that
a deficit may improve with treatment suggests that
this criterion should not be a rigid requirement. Yet,
endophenotypes should be stable over relatively
short periods of time (i.e., more trait-like than state-
like) and be held to other standards for reliability.

Third, endophenotypes should show evidence of
heritability. Familial transmission provides useful
data that should be followed up with twin or adop-
tion studies to disentangle genetic and shared envir-
onmental influences. Fourth, an endophenotype
should show familial overlap with the disorder in
question, and twin analyses should reveal that the
same genetic factors influence both susceptibility to
ADHD and performance on measures of the endo-
phenotype. As discussed above, the endophenotype
should appear in individuals who carry genes for a
condition but do not express the disorder itself, i.e.,
the unaffected relatives of affected individuals (Got-
tesman & Gould, 2003). Because unaffected relat-
ives may carry fewer genes for the condition than
individuals with the full disorder, it is possible,
though, that the endophenotype may appear to a
lesser extent in these individuals than in those
affected with the disorder.

Below, we use the four criteria discussed above to
assess the suitability of deficits based on clinical and
experimental measures of executive functions as
endophenotypes for ADHD. An additional criterion
for an endophenotype is that it should be grounded in
neuroscience. While we agree that such grounding is
valuable, researchers may disagree as to how to judge
this criterion (for a thorough review of this issue see
Castellanos & Tannock, 2002). Although neurocog-
nitive measures are only one way to index the frontal-
striatal impairments observed in ADHD, we focus on
them because they are more cost-effective and easier
to implement than electrophysiological and neuroi-
maging studies and are therefore of significant
interest to the field (Faraone, 2003).

Criterion #1: Association with ADHD

Over time, evidence has accumulated to support the
hypothesis that the symptoms of ADHD are related
to impairment in the frontal cortex and the subcort-
ical (striatal) regions that project to it (Satterfield &
Dawson, 1971). The success of stimulant medica-
tions and animal models of hyperactivity implicate
dopamine pathways that are consistent with these
neuroanatomical regions (e.g., Gainetdinov et al.,

Executive function endophenotypes for ADHD 777

1999; Giros, Jaber, Jones, Wightman, & Caron,
1996; Shaywitz, Klopper, & Gordon, 1978).
Additionally, there are similarities between adult
patients with frontal lesions and children with ADHD
(Mattes, 1980), and both structural and functional
neuroimaging studies have documented abnormal-
ities in frontal-subcortical circuits that regulate at-
tention, inhibition and motor intentional behavior.
These include the dorsolateral prefrontal cortex, the
anterior cingulate cortex, the caudate nucleus and
the globus pallidus (Castellanos & Tannock, 2002;
Giedd, Blumenthal, Molloy, & Castellanos, 2001;
Seidman & Valera, 2002). Recent neuroimaging
studies further suggest smaller lobules of the cere-
bellar vermis in ADHD subjects compared with
controls (e.g., Berquin et al., 1998). Such areas have
a high concentration of dopamine transporters (An-
derson, Polcari, Lowen, Renshaw, & Teicher, 2002)
and are connected to cortical loops that include the
prefrontal cortex via the pons and other midbrain
structures (Middleton & Strick, 2002).

Also consistent with this hypothesis is a large lit-
erature revealing that individuals with ADHD exhibit
relatively poor performance on clinical neuro-
psychological tests presumed to assess functions
associated with frontal systems (Barkley, 1997a;
Pennington & Ozonoff, 1996; Tannock, 1998). These
functions are deemed ‘executive’ due to their
involvement in higher-order cognitive processes
including self-regulation and goal-directed behavior
(Loring, 1999). It is widely agreed that executive
functions include multiple component operations
including working memory, response inhibition, set
shifting, abstraction, planning, organization, fluency
and aspects of attention (Pennington & Ozonoff,
1996), although there is not universal consensus on
the hierarchy or structure of the components (see
Lyon & Krasnegor, 1996, for several proposals). In
the current paper, we use the term ‘executive func-
tions (EF)’ for ease of explication to refer to this
general class of abilities.

Group differences in ADHD wvs. non-ADHD
subjects. Reviews of the literature (Pennington &
Ozonoff, 1996; Sergeant, Geurts, & Oosterlaan,
2002; Willcutt et al., in press a) concur that the
majority of studies find group differences between
individuals with ADHD and non-ADHD controls on
measures of EF. Although studies have primarily
examined pre-adolescent boys, EF impairments have
been documented in females (e.g., Castellanos et al.,
2000; Hinshaw, Carte, Sarni, Treuting, & Zupan,
2002), adolescents (e.g., Clark, Prior, & Kinsella,
2000; Fischer, Barkley, Edelbrock, & Smallish, 1990)
and adults (see Seidman et al., 2004) with ADHD.
Moreover, deficits appear to be robust to statistical
correction for group differences in IQ and comorbid
psychiatric or learning disorders (e.g., Klorman et al.,
1999; Nigg, Hinshaw, Carte, & Treuting, 1998;
Seidman et al., 1995; Willcutt et al., 2001).
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Some researchers have hypothesized that specific
aspects of EF are more strongly associated with
ADHD than others. To date, inhibitory control has
been the most widely discussed EF deficit in ADHD
(Barkley, 1997a), with numerous studies supporting
relatively poor performance on neuropsychological
measures of inhibition in boys and, more recently,
girls with ADHD compared with controls (e.g., Bay-
liss & Roodenrys, 2000; Nigg, 1999; Oosterlaan,
1996; Schachar, Tannock, Marriott, & Logan, 1995).
Moreover, two studies suggest that the development
of inhibitory capacity may precede other aspects of
EF (Klenberg, Korkman, & Lahti-Nuuttila, 2001;
Sonuga-Barke, Dalen, Daley, & Remington, 2002),
supporting Barkley’s (1997a) hypothesis of the
developmental primacy of inhibitory control.

In a review of these data, Nigg (2001) argued for
further specification of the construct of inhibition as
a way of clarifying the deficits in ADHD, concluding
that there is more consistent evidence for an inhibit-
ory deficit when the deficit involves suppression of a
pre-potent motor response (e.g., on the Stop or basic
Go/No-go tests), but variable evidence when inhibi-
tion refers to suppression of a conflicting, secondary
response (e.g., interference control on Stroop or
flanker tests). This conclusion is supported by recent
meta-analyses (Mourik, Oosterlaan, & Sergeant,
2005; Oosterlaan, Logan, & Sergeant, 1998; Willcutt
et al., in press a) suggesting higher effect sizes for
response inhibition compared with interference
control in ADHD.

Working memory is also of interest to ADHD
researchers. Pennington and colleagues (Penning-
ton, Bennetto, McAleer, & Roberts, 1996; Roberts &
Pennington, 1996) have made theoretically compel-
ling arguments that intact working memory is es-
sential to successful inhibitory control. Only a
limited number of studies have specifically examined
working memory in ADHD. Although some have
found such a deficit in ADHD samples (e.g., Dowson
et al., 2004; Mclnnis et al., 2003) others have not
(e.g., Geurts, Verte, Oosterlaan, Roeyers, & Ser-
geant, 2004) or have found that the ADHD deficit
appeared to be explained by comorbid reading diffi-
culties (Willcutt et al., 2001). Yet, Castellanos and
Tannock (2002) point out that spatial working
memory is a particularly interesting candidate core
deficit because of evidence from animal, neuro-
imaging and electrophysiological studies. Moreover,
data from an extended meta-analysis by Willcutt
et al. (in press b) revealed moderate effect sizes for
deficits in verbal and spatial working memory in
ADHD (Cohen’s d = .55 and .63 respectively), com-
parable to the effect size for response inhibition.

Although other components of EF have received
less theoretical attention, Willcutt and colleagues’
meta-analysis illustrates that deficits in ADHD
samples are also found on measures of processing
speed (Trails B), planning (Tower tests), organization
(Rey Osterreith), set shifting (Wisconsin Card Sorting

Test; WCST) and Continuous Performance Test (CPT)
omissions and commissions (Cohen’s d ranging from
.43 to .69).

Neurocognitive heterogeneity in ADHD. While the
above findings underscore the association of ADHD
with various aspects of EF, careful examination of
the literature also suggests neurocognitive variability
across and within studies of ADHD. Variability
between studies has been noted in reviews of the
literature (Barkley, Grodzinsky, & DuPaul, 1992;
Pennington & Ozonoff, 1996; Sergeant et al., 2002).
More recently, researchers have noted the variability
within ADHD samples. This variability is evident in
studies that have examined whether measures of EF
can be used as diagnostic tools for ADHD. Data on
male (Doyle, Biederman, Seidman, Weber, &
Faraone, 2000) and female (Hinshaw et al., 2002)
youth as well as adults (Lovejoy et al., 1999) have
found that abnormal scores on EF measures are
predictive of ADHD; however, normal scores on a
particular EF measure (or a combination of
measures (Doyle et al., 2000)) cannot rule out the
disorder. This pattern is due to the fact that not every
person with ADHD is impaired on every test and that
some individuals with ADHD perform within the
normal range on all or most measures.

Despite the apparent strength of the response
inhibition weakness in ADHD, slightly less than half
of the individuals in several well-characterized
ADHD samples show impairment on one of the most
well-studied measures of this construct, the Stop
Signal Reaction Time (SSRT) from the Stop Test
(Crosbie & Schachar, 2001; Nigg, Blaskey, Sta-
wikcki, & Sachek, 2004; Nigg, Willcutt, Doyle, &
Sonuga-Barke, in press). In a review of data across
different ADHD research centers (Nigg et al., in
press), no other neurocognitive measure was im-
paired in more than 50% of youth with Combined-
Type ADHD. Percent of subjects with ADHD that
surpassed the 90th percentile of controls on the
Stroop Color Word test, Trails B and CPT commis-
sions ranged from 44% to 16%, and aggregating tests
still only captured a subsample of cases (Nigg et al.,
in press).

Perhaps due to the frequency with which group
differences are found between ADHD and control
samples, the neuropsychological variability within
ADHD has not been extensively acknowledged or
studied, with some exceptions (Nigg et al., in press;
Sonuga-Barke et al., 2002). Yet, cognitive hetero-
geneity in a disorder that, as a whole, is strongly
associated with neuropsychological deficits has also
been seen in the literature on schizophrenia (e.g.,
Goldstein & Shemansky, 1995; Kremen, Seidman,
Faraone, Toomey, & Tsuang, 2000; Palmer et al.,
1997). Moreover, neurocognitive heterogeneity is
consistent with the phenotypic and potential genetic
heterogeneity of ADHD and with the ADHD neuro-
imaging literature (Seidman, Valera, & Makris,



submitted). Because selection of EF measures as
endophenotypes for ADHD will be most effective if
the sources of neurocognitive variability are better
understood, we digress briefly to discuss this issue
in more detail.

A) What factors moderate the variability of EF
findings across and within ADHD samples?

The literature raises several possible factors that
may be associated with variability of performance on
EF measures in ADHD.

Family history. A handful of studies suggest an
association between a family history of ADHD and
impairment on EF measures. Crosbie and Schachar
(2001) found that ADHD children with poor
inhibition on the Stop Test had a higher rate of
familial ADHD (48%) compared with the normal-
inhibition ADHD group (19%) and controls (8%).
Using a different study design, Seidman et al. (1995)
found that ADHD youth with a positive family history
of ADHD exhibited significantly worse performance
on measures of interference control and abstract
problem solving, with the latter finding replicated in
an extended sample (Seidman, Biederman, Faraone,
Weber, & Ouellette, 1997). These reports echo
studies of schizophrenia (Faraone et al., 2000c) in
which relatives from families with more than one
member with the disorder had greater impairment
on measures that may tap attention and working
memory than relatives of families with one affected
member. What is not yet clear in ADHD is whether
familial and non-familial cases represent unique
etiologies or whether familial cases manifest more
severe deficits because they carry a greater number
of susceptibility genes for the disorder. Thus,
whether these groups show qualitative or
quantitative differences should be a goal for future
studies.

Comorbid disorders. The presence of an additional
learning or psychiatric disorder may modify the
neuropsychological profile of ADHD youth. Several
studies (Lazar & Frank, 1998; Rucklidge & Tannock,
2002; Seidman, Biederman, Monuteaux, Doyle, &
Faraone, 2001; Willcutt et al., 2001) have shown
that individuals with ADHD who have comorbid
learning disabilities may have more severe deficits
on tests of EF than individuals with ADHD alone.
Although limited in number, studies of ADHD youth
with comorbid anxiety disorders suggest that this
subgroup shows less severe deficits on response
inhibition than ADHD children without anxiety
(Manassis, Tannock, & Barbosa, 2000) but more
severe deficits on working memory tasks (Pliszka,
1989; Tannock, Ickowicz, & Schachar, 1995).
Comorbidity between ADHD and conduct disorder
(CD) and juvenile bipolar disorder (BPD) are of
particular interest with regard to the genetic basis
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of ADHD. Family studies suggest that ADHD + CD
and ADHD + BPD are distinct familial subtypes of
ADHD (i.e., the disorders travel together in relatives)
and that the risk of ADHD to relatives for these
comorbid conditions is considerably higher than to
relatives of probands with ADHD alone (Doyle &
Faraone, 2002; Faraone et al., 2000b). However,
impairments on SSRT response inhibition did not
differentiate ADHD + CD from ADHD alone in a
recent meta-analysis (Oosterlaan et al., 1998). To
date, no studies have compared the
neuropsychological profiles of youth who have
ADHD plus BPD to ADHD alone.

DSM-IV subtypes. Several studies have found
evidence for greater neurocognitive impairments in
individuals with ADHD Combined-Type (ADHD-C)
versus Inattentive-Type (ADHD-I) (Hinshaw et al.,
2002; Houghton et al., 1999; Klorman et al., 1999;
Nigg, Blaskey, Huang-Pollock, & Rappley, 2002). In
Nigg and colleagues’ study, the finding (for more
impaired response inhibition) was limited to boys
but not girls with ADHD-C. Yet, girls with ADHD-C
versus girls with ADHD-I showed more impulsive
errors in Hinshaw and colleagues’ study. Despite
these findings, in Willcutt et al.’s extended meta-
analysis (in press b), no significant differences
emerged between ADHD-C and ADHD-I on any EF
measure, although gender specific effects were not
examined. In contrast to these variable findings,
the Hyperactive/Impulsive subtype of ADHD has
failed to show EF deficits in the small number of
studies that have addressed this issue (Bedard
et al., 2003; Chhabildas, Pennington, & Willcutt,

2001; Schmitz etal., 2002). This lack of
association between deficits and hyperactive/
impulsive symptoms may also explain why

Kuntsi, Oosterlaan, and Stevenson (2001a) did
not find response inhibition deficits in a small
sample of twins with extreme hyperactivity.

B) What explains normal range performance?

Although the above factors may explain some neuro-
psychological variation within ADHD samples, they
do not account for the many individuals with ADHD
across each subtype who do not exhibit EF deficits.
Explanations for this sub-sample of individuals have
implications for the relationship between ADHD and
EF and thus for endophenotype selection.

EF measures may not always capture frontal
system impairments. One possibility is that EF
measures are imperfect indicators of impairment in
the frontal-subcortical circuits of interest in ADHD
due to measurement issues or to a compensatory
mechanism that allows some individuals to use
alternative cognitive resources to solve ‘“frontal’
tasks. Because reliable and valid measurement of
EFs is crucial to their use as endophenotypes, we
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will address this issue below (Criterion #2 -
Measurement). With regard to compensatory
mechanisms, the consequences of an early
functional or structural insult to a frontal-
subcortical pathway may be heterogeneous,
depending on numerous genetic and environmental
risk and protective factors interacting with the
neural weakness. As a result, some children may
be able to recruit other cognitive resources to solve
tasks that would normally engage frontal circuits,
although it is likely that such compensatory
mechanisms would be vulnerable to disruption.
Such a possibility may explain why some youth
with ADHD perform well on executive measures in a
structured testing situation but have real-world
difficulties with organization, problem-solving, and
the like when multiple potential distractors are
present (Bernstein & Waber, 1990). Although
compensatory mechanisms have not been studied
extensively with regard to ADHD, studies of
schizophrenia (Callicott et al., 2003) and obsessive-
compulsive disorder (Deckersbach etal., 2002;
Rauch, Savage, Alpert, Fischman, & Jenike, 1997)
provide evidence for this phenomenon. Further work
integrating neuroimaging paradigms and neuro-
cognitive testing in ADHD is needed to explore
whether compensatory mechanisms account for
normal range performance in some subjects with
ADHD.

EF deficits may not be the underlying deficit in
ADHD. A second possibility is that EFs may not be
the core deficit in ADHD. Instead, the overlap
between ADHD and EF deficits could result from
referral bias, assortative mating in parents or an
alternative deficit that causes variably impaired
performance in some or all cases on measures of
EF either directly or via ADHD symptoms.

Referral bias. That ADHD and EF could co-occur
as a result of referral bias was considered by
Pennington and Ozonoff (1996), given that the only
study in their review that did not show ADHD
versus control differences on EF tests assessed a
population sample. In this case, the overlap
between the two conditions in clinic patients, who
represent the majority of  subjects in
neuropsychological studies of ADHD, could be due
to individuals exhibiting both impairments being
more likely to be referred for treatment. This
hypothesis is consistent with studies (Biederman
et al., 2004; Clark etal.,, 2000; Nigg, Quamma,
Greenberg, & Kusche, 1999) that show greater
functional impairment in youth with disruptive
disorders who also show EF deficits. Yet, in
Wilcutt et al.’s extended meta-analysis (in press),
the mean effect size for EF measures in community
samples (d = .49 £ .06) was only slightly lower than
clinic-referred studies (d = .56 + .04). Thus, while
referral bias may exist, it is unlikely to be the sole
cause of the comorbidity of ADHD and EF deficits.

Assortative mating. Because both EF deficits and
ADHD are associated with academic impairment
and potentially with educational/occupational
attainment and related social networks, adults with
ADHD may be likely to meet and have children with
adults with EF impairments. In turn, children of
these individuals would exhibit both conditions if
each were separately familial. Evidence for this non-
random mating between individuals with ADHD and
those with EF deficits has not been investigated
extensively, although Nigg and colleagues (2004)
found evidence for assortative mating based on IQ,
as expected, but not for EF measures.

Alternative causal process. The above possibi-
lities would explain the comorbidity between ADHD
and EF deficits if EF deficits were not the core (i.e.,
necessary and sufficient) deficit leading to ADHD.
Although a full discussion of alternative core
processes is outside the scope of the current paper,
state regulation impairments and delay aversion are
two such mechanisms to consider as underlying at
least some ADHD cases.

State regulation impairments. Briefly, Sergeant
and colleagues (Sergeant, 2000; van der Meere,
Gunning, & Stemerdink, 1996) have proposed a
‘cognitive-energetic model’ of ADHD, based on the
work of Sanders (1983). Among the interesting
contributions of this model is the idea that basic
computational = mechanisms for information
processing are largely intact in ADHD but that
impairments occur at a secondary level of state
factors (arousal, activation and effort) that control
how cognitive resources are allocated. In this model,
a failure of inhibition (or other EFs) could, in part,
result from a failure of activation of the inhibitory
mechanism rather than a deficit in the mechanism
itself. Although cortical arousal involves dopamine
circuits, it also involves a complex interplay of
several other neurotransmitter systems including
norepinephrine, acetylcholine and serotonin. This
model offers an explanation for the variability across
and within ADHD samples and broadens the
candidate pathophysiological mechanisms involved
in ADHD.

Consistent with this theory are 1) increased reac-
tion time (RT) variability in ADHD samples across a
variety of computerized measures (Castellanos &
Tannock, 2002), suggesting that individuals with
ADHD tend to respond inconsistently (both faster
and slower) compared to controls; and 2) evidence
that the rate of presentation of stimuli affects ADHD
subjects differently than controls (e.g., slow rates
lead to poor performance, potentially due to under-
arousal (Scheres, Oosterlaan, & Sergeant, 2001)).
Kuntsi and colleagues (Kuntsi, Stevenson, Oos-
terlaan, & Sonuga-Barke, 2001b) note that Oos-
terlan et al. (1998) found slower baseline AND stop
signal RT in ADHD youth versus controls, with
ADHD youth just as likely to trigger the inhibitory
process. In Kuntsi’s own study (2001), RT variability



was a better discriminator between hyperactive and
control youth than inhibition or working memory
measures. Despite this intriguing evidence, in Nigg
et al.’s study of heterogeneity (in press), only half of
ADHD subjects showed significant RT variability
compared with controls. As discussed by Sergeant
(in press), better measures are needed to fully
document the contribution of state-regulation fac-
tors in ADHD.

Shortened delay gradients. A second alternative
mechanism that could underlie ADHD involves
altered reinforcement and extinction processes.
Sagvolden and colleagues (Johansen, Aase, Meyer, &
Sagvolden, 2002; Sagvolden, Aase, Zeiner, & Berger,
1998) have posited that dysfunction in the meso-
limbic-cortical branch of the dopamine system pro-
duces a shorter ‘delay gradient’ in individuals with
ADHD. Oversimplified, one of the key elements of
this model is that the impact of a reinforcer, via
dopamine release in the nucleus accumbens, will
only occur if the delay between the reinforcer and
behavior is short. If frequent, proximal and potent
reinforcers are lacking or distal, goal-directed
behavior is disrupted and inattention and motor
impulsivity occur. These and other researchers
(Sonuga-Barke, 2002) have elaborated on this
model, suggesting that some individuals with ADHD
are characterized by delay-aversion, i.e., motivation
to avoid delay.

Several studies have found impairments in ADHD
youth as compared with controls on tasks designed
to assess delay aversion (e.g., Kuntsi et al., 2001a;
Sonuga-Barke, 2002). Yet, when Solanto et al.
(2001) compared performance on the Stop Test and a
delay aversion task in ADHD, measures were not
highly correlated but together identified the majority
of ADHD cases in a discriminant function analysis.
This finding was replicated in pre-schoolers (Son-
uga-Barke et al., 2002). Based on these data,
Sonuga-Barke (2002) has proposed a dual pathway
model of ADHD involving 1) an inhibitory deficit
related to prefrontal regions and projections from the
basal ganglia and striatum (involving the mesocor-
tical branch of the DA system) and 2) an ‘altered
reward/reinforcement and extinction’ deficit related
to the nucleus accumbens and ventral-striatal net-
work (involving the mesolimbic branch of the DA
system). Whether the specific predictions of this
model are borne out will require further empirical
study. Yet, the model is important in that it is the
first to formally posit multiple neurocognitive path-
ways to ADHD.

Summary and conclusions - Criterion #]1.
Numerous studies have documented impairments
in youth with ADHD on measures of EF, with
compelling data highlighting measures of response
inhibition and working memory. This literature
suggests that such measures fulfill Criterion #1 for
an ADHD endophenotype. Nonetheless, effect sizes
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are modest, and data indicate substantial variability
within and across ADHD samples. Thus far, such
variability has only received limited attention in the
field. Studies suggest several potential moderators of
test performance, including a family history of
ADHD, comorbidity and DSM-IV subtypes/
symptom dimensions. Additionally, a substantial
percentage of youth with ADHD may perform
within the normal range on measures of EF upon
formal testing. This normal range performance may
reflect quantitative differences in severity of
impairment, the wuse of compensatory neuro-
cognitive mechanisms in some individuals, and/or
the possibility that additional mechanisms underlie
the neurocognitive impairments in some ADHD
cases.

Presuming ADHD and EFs show some familial
overlap (see Criterion #4), increased attention to
neurocognitive heterogeneity offers the possibility of
providing greater power for gene-finding, particu-
larly if discrete neurocognitive subtypes exist
within ADHD or if there is a strong association
between specific genes and performance on indi-
vidual measures. Yet, neurocognitive heterogeneity
does not automatically reflect genetic heterogeneity,
but could also result from pleiotropic effects of a
core set of genes, genotypic variation outside of
these genes or moderating factors such as devel-
opment, environment, co-occurring conditions
moderating performance and measurement issues
(e.g., differential reliability of measures). In order to
begin to address these possibilities, we recommend
that ADHD endophenotype researchers move be-
yond the search for a single, core cognitive deficit in
ADHD to ask ‘How much neurocognitive hetero-
geneity exists in ADHD?’ and ‘What genetic and
environmental risk factors account for this hetero-
geneity?’

Criterion #2: Measurement issues in the
assessment of executive functions

It is widely agreed that greater attention to the psy-
chometric properties of EF measures is needed
(Denckla, 1996; Nigg, 2001; Pennington et al., 1996;
Sergeant et al., 2002). Before measures of EF can be
used as endophenotypes (or to assess neurocognitive
heterogeneity in ADHD), we must confirm that tests
are measuring what they are intended to measure in
a reliable and valid way. For ease of discussion, we
have organized our review in terms of reliability,
sensitivity, validity (construct and discriminant) and
developmental factors, although these issues are
interrelated.

Reliability. The utility of any measure is constrained
by its reliability. Although the long-term stability of
executive deficits has not been addressed in ADHD,
impaired neuropsychological functioning on a
battery that included executive measures was
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documented in a four-year follow-up of patients with
schizophrenia (Faraone etal., 1999). Pub-
lished clinical measures generally provide evi-
dence of reasonable test-retest reliability in their
manuals (e.g., Delis, Kaplan, & Kraemer, 2001;
Wechsler, 2003). Yet, few objective studies have
formally assessed the reliability of EF measures.
Response inhibition variables on the Stop Test have
previously been judged to be reliable (Kindlon,
Mezzacappa, & Earls, 1995; Logan, Schachar, &
Tannock, 1997); however, Kuntsi and colleagues
(2001b) found a low test-retest reliability (intraclass
correlation = .11) over several weeks on the SSRT
calculated based on a different algorithm. These
authors also assessed measures of working memory
(delayed response alternation [DRA], sentence span
and counting span), dual task performance, which
involves the allocation of cognitive resources to
tracking and memory tasks that are performed
simultaneously. High test-retest reliability (i.e.,
intra-class correlations >.7) was found for the DRA
and the delay aversion measure. Moderate reliability
(intra-class correlations between .69 and .5) was
found for sentence span and counting span.

Although these data are reassuring overall, addi-
tional studies underscore the complexity of the reli-
ability issue. Pennington et al. (1996) found that the
Wisconsin Card Sort Test (WCST) showed ceiling ef-
fects and poor reliability in a school-based sample
but better test-retest reliability for impaired scores.
State variables may impact performance on meas-
ures of EF, as well. For example, shorter sleep dur-
ation can affect verbal executive tasks (Harrison &
Horne, 1998). Randazzo, Muehlbach, Schweitzer,
and Walsh (1998) found that abstract thinking was
influenced by even one night of sleep restriction, and
Steenari et al. (2003) found that objectively meas-
ured sleep problems in children were associated with
incorrect responses on a working memory measure.
Thus, it is conceivable that some of the variability
observed in the ADHD literature reviewed above
could be due to limited reliability or state variables.
Assessing neurocognitive deficits that are stable over
time and cataloguing reliability at different levels of
performance would provide increased control over
error variance.

Sensitivity. Because many commonly used clinical
neuropsychological tests of EF were adapted from
the field of adult neuropsychology to measure the
effects of a significant cerebral insult (Pennington &
Ozonoff, 1996), such tests may not capture subtle
cognitive impairments occurring within the context
of development. Since individuals with EF deficits
are highly responsive to external structure (Goldberg
& Podell, 1995), the structured testing situation may
also mask less severe impairments. Such a
phenomenon has been documented by Draeger and
colleagues (Draeger, Prior, & Sanson, 1986) who
found that performance on a CPT task deteriorated

significantly in ADHD but not control children when
the examiner left the room. Additionally, normal
range performance may represent a relative deficit
for individuals with above average intellectual ability
(Kremen et al., 2000). Because of their potentially
greater sensitivity, measures from the cognitive or
developmental sciences may provide a useful
supplement to clinical measures (MacDonald &
Carter, 2002; Nigg, 2000). Computerized measures
can produce a fine-grained continuous variable
reflecting the faster or slower speed of a response,
tapping small inter-subject differences in pro-
cessing, and identifying both higher and lower than
average performance.

While limited sensitivity may account, at least in
part, for normal range performance in ADHD sub-
jects, the fact that variability is found on measures
such as the Stop Test further indicates that the
heterogeneity within ADHD samples is real. Thus,
even with limited sensitivity, clinical measures of EF
may be useful for selecting individuals whose deficits
lay on the more severe end of the continuum since, in
linkage studies, a high rate of false positive findings
would be a greater liability than false negatives
(Faraone et al., 1995). Still, measures with good
sensitivity should be prioritized as candidate endo-
phenotypes, because low sensitivity may limit our
ability to detect subtle deficits in individuals for
quantitative trait analyses as well as in unaffected
relatives to provide support for the familial overlap of
different measures with ADHD.

Construct validity. Because of the ‘molar’ nature of
many clinical neuropsychological measures
(Pennington & Ozonoff, 1996), deficits in other
domains may impact EF test scores such that
impaired results that are not due to an EF deficit
per se. For example, poor Organization scores
(Bernstein & Waber, 1996) on the ROCF could
result from visual spatial deficits rather than
organization problems. Neuropsychologists
(Denckla, 1996; Pennington & Ozonoff, 1996;
Sergeant et al., 2002) have advocated the use of
control measures to parse out the executive
component of tasks. Such procedures are often
used clinically as part of the process approach to
neuropsychology (White & Rose, 1997) but are not
regularly incorporated into research designs with
traditional neuropsychological tasks. With the
publication of new tests that provide control tasks
(e.g., Delis Kaplan Executive Function System (Delis
et al., 2001); WISC-PI (Kaplan, Fein, Kramer, Delis,
& Moris)) and intra-subject discrepancy scores,
researchers can more easily incorporate control
tasks into their batteries.

Measures derived from experimental cognitive
psychology may also be useful for targeting specific
processes. In relation to schizophrenia, MacDonald
and Carter (2002) have argued that experimental
tasks tap more precise functions and can limit the



use of alternative strategies for solving a task. Due to
the lack of normative data and standardization
across research labs, experimental tasks must be
used cautiously and clearly described in publica-
tions. For example, researchers at the 5th Annual
ADHD Molecular Genetics Conference (Faraone,
submitted) found the use of different versions of
unpublished tasks across sites to be a major chal-
lenge to collaboration and replication. Additionally,
as discussed above, the same task can have highly
variable reliability if different scoring algorithms are
used (Kuntsi et al., 2001b; Logan et al., 1997).

Also related to construct validity is whether func-
tional impairment on measures of EF is confounded
by lower intelligence or concurrent mental disorders.
The mean full scale IQ score of groups with DSM-IV
ADHD typically falls .75-1.0 standard deviations
below the mean of non-ADHD comparisons (e.g.,
Chhabildas et al., 2001; Hinshaw et al., 2002; Lahey
et al., 1998), and the majority of children with ADHD
meet criteria for at least one comorbid diagnosis
(e.g., Angold, Costello, & Erkanli, 1999; Willcutt,
Pennington, Chhabildas, Friedman, & Alexander,
1999). Based on these data, some researchers argue
that intelligence and symptoms of comorbid psy-
chopathology should be controlled in statistical
analyses to parse out the effects of these correlated
variables (e.g., Lahey et al., 1998; Werry, Reeves, &
Elkind, 1987). Yet, others (e.g., Barkley, 1997b) have
pointed out that the same deficits that underlie poor
performance on EF measures may cause a child to
perform poorly on standardized tests of intelligence.
Indeed, theoretical models of intelligence often in-
clude executive control as one component (e.g., Lyon
& Krasnegor, 1996). Moreover, executive deficits
could account developmentally for IQ weakness in
ADHD, either directly via the functionality of pro-
blem-solving skills or indirectly by interfering with
academic success and the quantity of learned in-
formation. As a result, partialling of IQ in EF studies
is debated and handled differently across studies.
Additionally, evidence that ADHD and learning dis-
abilities as well as CD and BPD share familial risk
factors (Doyle & Faraone, 2002; Loo et al., 2004;
Willcutt et al., 2002) raises the possibility that con-
trolling for these variables would mistakenly remove
a portion of the variance that is associated with
ADHD. Although these issues have not been re-
solved, as discussed above, EF deficits in ADHD
versus control samples are generally robust to cor-
rection for IQ and comorbid disorders.

Discriminant validity. EF deficits are found in a
variety of disorders other than ADHD including
autism, schizophrenia, phenylketonuria and,
arguably, conduct disorder (Pennington & Ozonoff,
1996; Sergeant et al., 2002). In a recent review,
Sergeant et al. (2002) suggest that discriminant
validity may still emerge at the task level with 1)
better control of ADHD symptoms when examining
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deficits in other disorders as well as 2) the inclusion
of psychiatric comparison groups. However,
discriminant validity need not be demonstrated at
the task level for EF measures to be useful
endophenotypes. Pennington and Ozonoff (1996)
have argued that discriminant validity may also
emerge at the neurobiological level. In this case,
endophenotypes could be wused to identify
susceptibility genes, and subsequent exploration of
the impact of risk alleles on neurobiological
processes may in turn reveal differences between
disorders in terms of severity of the core problem
(e.g., the extent of dopamine depletion in the
prefrontal cortex [PFC]), differences in the timing of
a deficit, different impairments within the PFC,
impairments in different regions that connect to the
PFC, impairments in the PFC plus additional
differing regions (Pennington & Ozonoff, 1996).
Alternatively, the use of endophenotypes may
enable detection of risk alleles common to several
neurodevelopmental disorders of childhood that
combine with unique variants to produce each
specific disorder. This possibility is underscored by
the fact that regions of interest from both the Dutch
and US linkage studies of ADHD overlap with regions
of interest in linkage studies of autism (Bakker et al.,
2003; Smalley et al., 2002).

Developmental changes in executive functions.
Finally, data on normative developmental changes
from childhood into adulthood are sparse for many
tasks, particularly experimental measures. In one
study that examined performance on the Stop Test
across the lifespan (Bedard et al., 2002), inhibitory
control and a pure measure of reaction time
improved throughout childhood, but performance
on the pure reaction time measure began to decline
at age 30 whereas a decline in inhibitory control was
not seen until age 60. A study by Klenberg et al.
(2001) suggests that, consistent with Barkley’s
theories, components of EFs on the NEPSY battery
mature at different ages. More generally, it is fairly
clear that different forms of executive control mature
at different rates if one considers task output
modality (motor versus language, for example
(Dempster, 1992)). Such studies suggests the need
to use large, non-clinical samples to better
understand what is ‘normal’ on measures of EF
across a wide range of ages. On a practical level,
tasks that remain valid across a wide range of
development will be useful endophenotype
candidates in that they can be administered to
relatives of all ages in family studies. Yet, effective
developmental assessment may require changing
tasks as well as norms. As Denckla (1996) points
out, tasks sensitive to EF processes at a young age
may be too simplistic or automated to tap executive
processes in older individuals. Thus, attention to
developmental sensitivity of particular tasks and to
task modality may improve precision of
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measurement, and researchers must consider the
benefits of assessing similar functions with related
tasks at different ages (see Diamond, Prevor,
Callender, & Druin, 1997, for an example).

Summary and conclusions - Criterion #2. The
psychometric properties of EF measures have not
been documented extensively, but available data
suggests that reliability, sensitivity and construct
validity of EF tasks should not be taken for
granted. Better cataloguing and assessment of
reliability at different levels of performance would
provide increased control over error variance. The
possibility that state variables and non-EF factors
may influence performance supports the use of
strategies to reduce the effects of error on a single
test. Computerized experimental measures offer the
potential for assessment of the full range of ability,
via measurement of reaction time rather than only
accuracy, and for more precise targeting of a
specific component of EF compared with clinical
measures. Yet, such measures also have
limitations at the present time in terms of
standardization across labs and normative data.
Clinical measures that exhibit limited sensitivity
may still be wuseful to select homogenous
subgroups of individuals who show more
significant levels of impairment.

Criterion #3: Genetics of executive functions

For neurocognitive measures to be useful endophe-
notypes for ADHD, they should themselves show
evidence of heritability and association with specific
genes. There is a significant literature suggesting
that general cognitive functioning (IQ) is highly her-
itable (Plomin, 1999). Yet, few twin and candidate
gene studies have examined measures of EF.

Twin studies. Table 1 shows published twin studies
that have examined measures of EF as well as
aspects of attention relevant to ADHD. The most
salient features of this literature are the small
sample sizes and limited number of measures that
have been examined. Yet, considered together, these
studies provide preliminary evidence that such
measures show genetic influence. The intraclass
correlation between MZ twins is higher than for DZ
twins for most measures. Heritabilities range from
zero to 88%, with the majority of studies showing at
least some genetic influence based on formal model-
fitting analyses or estimates using intraclass
correlations (Falconer & MacKay, 1996). Because of
sample sizes, specific estimates of heritability should
be interpreted cautiously, and non-significant
studies (e.g., Campana, Macciardi, Gambini, &
Scarone, 1996) may have lacked adequate
statistical power to detect small to moderate levels
of heritability.

Although additional studies with large samples are
needed, these preliminary data suggest that mea-
sures may have lower heritability than ADHD, which
has been estimated to range from .7 to .9 (Thapar
et al.,, 1999; Waldman & Rhee, 2002). Given the
measurement issues discussed above, it is possible
that error or low reliability may be contributing to
their lower heritabilities. Furthermore, measures
that are not normally distributed (e.g., a count of
commission errors) may not be amenable to quantit-
ative genetic analyses, even after data transforma-
tion procedures. Yet, even if such measures are less
heritable than ADHD, they may still be more useful
for finding genes than the disorder itself if a smaller
number of genes contribute to the EF measures than
contribute to the overall ADHD diagnosis. For ex-
ample, since the magnitude of effect for a single gene
depends on the number of genes involved (Faraone
et al., 2000b; Risch, 1990a), an endophenotype with
three genes contributing to a heritability of .5 would
be more powerful than a behavioral phenotype with
20 genes contributing to a heritability of .8.

Candidate gene studies of EF tasks. A small
number of published studies have examined the
association between specific genes and measures of
attention and EF in non-ADHD samples. The Valine
(Val) allele of the gene for the Catechol-O-
methyltransferase (COMT) enzyme leads to a four-
fold increase in the degradation of dopamine
compared to the Methionine (Met) allele. Several
studies have demonstrated an association between
the Val allele and increased perseverative errors on
the WCST. Egan and colleagues (Egan et al., 2001)
found a dose-response relationship between the Val
allele and perseverative errors in both schizophrenic
and control patients, with this genotype explaining
4.1% of the variance in this measure. The
association between the Val allele and perseverative
errors has been replicated in other samples of
controls and patients with schizophrenia (Joober
et al., 2002; Malhotra et al., 2002). Additionally,
using fMRI, Egan etal. (2001) found that an
increased number of Val alleles was associated
with greater activation (lower physiologic efficiency)
of the dorsolateral PFC and the anterior cingulate
during a working memory test.

A study using the attention network task (ANT), a
computerized measure based on Posner’s model of
attention, has also yielded interesting findings for
four genes of interest in ADHD (DRD4, DAT, COMT
and MAOA; Fossella et al., 2002). In this study, the
executive attention (Conflict) scale, which includes
aspects of cued reaction time and flanker tasks and
showed evidence of heritability in a twin study, also
showed the most robust associations with specific
genes; however, results were contrary to expectation.
For DRD4, less efficient performance was associated
with having the 4-repeat allele of the Exon III VNTR.
This polymorphism contributed 3.9% of the overall



Table 1 Twin studies of neuropsychological measures of attention and executive functions

Twin intraclass cor-

relations
Ns (pairs)
Study MZ/DZ Measures Key variable rMZ rDZ Heritability (h?)
Goodman & 102/111 Wechsler FFD (attention and .60 44 .32%
Stevenson, working memory)
1989 .
‘E’ scan ‘E’ scan (attentiveness) .54 .33 422
Bartfai, 10 MZA SPAN SPAN (visual attention/ .53 -.06 71P
Pedersen, 10 MZT target identification)
Asarnow, &
Schalling,
1991
Pennington 20/30 WCST Perseverative Errors .49 .21 .56
et al., 1996 Total Errors .60 .16 .88%
Myles-Worsley & 59/33 SPAN Accuracy (visual attention/ .19 .31 Models not fit to data.
Coon, 1997 target identification)
SSAT Baseline accuracy (average 44 .01 Model parameter did not
identification accuracy) differ significantly from O.
P/N ratio (selective attention) .51 .20 41°
degraded d’ (discrimination between .26 .08 .28P (Model parameter did not
stimulus CPT target and non-target) differ significantly from 0).
Beta (decision criteria) .37 -.14 Models not fit to data.
Fan, Wu, 26/26 ANT Alerting (maintenance of 47 .38 .18P
Fossella, & an alert state)
Posner, Orienting (visual orienting) .10 .40 .00P
2001 Conflict (executive control) .73 .28 72P
Holmes 20/20 MFFT # correct (attention) .79 -.42 Heritability not calculated;
et al., # incorrect (impulse control) .73 -.08 Authors conclude MFFT
2002 mean RT (speed of information .80 31 # incorrect may be
processing) genetically influenced.
CPT-IP Matches (attention) -.18 .53
False alarms (impulse control) -.10 .38
Campana 15/9 WCST Categories Completed .02 -.06 Heritabilities based on
et al., Total Errors .33 -.03 intrapair correlations
1996 Perseverative Errors .17 -.01 did not differ significantly
from zero.
Ando, 143/93 Revised Shah & Verbal Executive (verbal WM) 44 .23 43P
Ono, & Miyake (1996)
Wright, spatial & Spatial Executive (spatial WM) .50 .22 .49P
2001 verbal WM span
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Table 1 Continued

Twin intraclass correlations

Ns (pairs) rMZ rDZ
Study Mz/DZ Measures Key variable Heritability (h?)
Swan & 80/78 Wechsler Digit Symbol (processing speed) .73 .19 .68P
Carmelli, 2002 Stroop Color-Word Interference (naming/ .55 .14 .50P
processing speed/
interference control)
Trail Making B Seconds to completion (set shifting) 42 .30 .50°
COWA Verbal Fluency (initiation & .51 41 .34
maintenance of word production set)
Male/female Male/female
Stins, 32 MZ male/ Stroop Color (Color-naming/effortful semantic .78/.60 .47/.38 .70°
van Baal, 22 DZ male processing/processing speed)
Polderman, Color-Word (Word recognition/ .75/.70 .37/.68 74P
Verhulst & color-naming/effortful semantic
Boomsma, processing/processing speed/interference
2004 control)
43 MZ female/ Flanker Interference (Interference control) .44/.55 .11/.32 .49P
16 DZ female Overall Reaction Time (Reaction time) .38/.35 -.01/.18 Models not fit to data.
Flanker Effect (Interference control) .12/.09 -.07 .52 Models not fit to data.

‘E’ scan = scattered letters test where subject crosses out the letter ‘E’; FFD = Freedom From Distractibility; SPAN = Span of Apprehension Test; SSAT = Spontaneous Selective Attention
Task; CPT = Continuous Performance Test; ANT = Attention Network Task; MFFT = Matching Familiar Figures Test; WCST = Wisconsin Card Sort Test; WM = Working memory; MZA =
Monozygotic twins reared apart; MZT = Monozygotic twins reared together; DZT = Dyzygotic twins reared together; COWA = Controlled Oral Word Association; * = based on intraclass

correlation; ® = based on biometrical model-fitting.
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variation in this scale. This finding was unexpected
because the 7-repeat allele is associated with a
blunted response to dopamine and has been the
high-risk allele in most studies of ADHD (Faraone,
Doyle, Mick, & Biederman, 2001). Two DRD4 poly-
morphisms from the region 5’ to the gene transcrip-
tion start site were also examined. Although thel20
base pair repeat upstream of the start codon did not
show a significant relationship to test performance, a
dose-response pattern was observed regarding a C/
T single nucleotide polymorphism (SNP). Here, the
C/C genotype was associated with worse perform-
ance compared to the T/T genotype. Again, this
relationship was the opposite of what might be
hypothesized because transcription of the DRD4
gene from the T allele is reduced by 40% compared
with the C allele (Barr et al., 2001).

Fosella et al. (2002) also found that two MAOA
polymorphisms (the 3-repeat allele of the MAOA
promoter repeat polymorphism [MAO-LPR], which
has been associated with lower transcription induc-
tion, and a silent C to T change in exon 14 [C1460T])
showed an association with worse performance on
the executive attention scale. Performance on the
Alerting scale of the ANT was also associated with
the MAOA- LPR (3 repeat). The DAT1 (10 repeat al-
lele) and COMT (Met allele) showed trends towards
associations with worse performance but these
relationships did not reach statistical significance;
however, the presence of the COMT Met allele plus
the MAOA LPR 3 repeat allele was associated with
worse performance on the executive attention scale.
Consistent with the DRD4 finding, association with
MAOA-LPR and the trends for DAT1 and COMT also
fit the pattern of alleles associated with higher levels
of synaptic dopamine or dopamine signaling relating
to worse test performance. Also interesting was that,
similar to the findings for COMT and the WCST
above, genes only contributed a small amount of
variance (<5%) to the scales with which they were
associated.

Finally, Auerbach, Benjamin, Faroy, Geller, and
Ebstein (2001) examined the relation between DRD4
and cognitive functions relevant to ADHD in healthy
one-year-old infants. Those with the exon IIIl VNTR 7-
repeat allele showed lower sustained attention
(shorter duration of looking and shorter latencies to
first look away) than those without this allele. Addi-
tionally, the shortest attention was found in infants
who had the DRD4-7 allele and were homozygous for
the short allele of the serotonin transporter gene
promoter (5-HTTLPR).

Summary and conclusions — Criterion #3. Twin
studies examining the heritability of EF measures
are few in number, and most are characterized by
small sample sizes. Thus, this literature does not
provide a definitive resource for selecting the most
heritable measures for endophenotype studies. Even
so, studies allow for some preliminary conclusions —

Executive function endophenotypes for ADHD 787

namely, that such measures may be genetically
influenced but may be less heritable than ADHD.
Given evidence reviewed above, measurement error
may account for at least some of this reduced
heritability. A possibility that has not been explored
is whether extreme EF deficits are more strongly
heritable than individual differences across the
distribution.

Even if the heritability of the endophenotype is
lower than for ADHD as a whole, however, endo-
phenotypes can still be useful for molecular genetic
studies if the magnitude of the effect of a given gene
on a particular endophenotype is larger than it is for
the disorder. Studies suggest an association between
the COMT Val allele and perseverative errors on the
WCST, and other studies suggest a role of DRD4,
MAOA and SHTT in aspects of attention. Yet, none of
these studies have documented a gene contributing
large amounts of variance to test performance.
Additionally, a handful of studies provide evidence of
multiple genes contributing to some measures. Be-
cause the most useful endophenotype measures will
be those that are genetically simple rather than
complex, the extent of genetic complexity of neuro-
cognitive measures requires further investigation.

Criterion #4: Familial/genetic overlap of
executive functions and ADHD

Family studies. Neurocognitive deficits in relatives
have been documented in siblings and parents of
probands with other disorders that are associated
with EF deficits, such as schizophrenia (e.g.,
Cornblatt & Malhotra, 2001; Faraone et al., 1999)
and autism (e.g., Piven et al., 1997; Hughes et al.,
1999]. To date, the data in ADHD samples have been
less robust. Two studies failed to find neurocognitive
deficits in parents of ADHD youth on measures of
attention and EF (Asarnow et al., 2002; Murphy &
Barkley, 1996). Although Murphy and Barkley
acknowledge the small size of the groups in their
study, Asarnow and colleagues assessed nearly 200
parents and thus had substantial power to detect
differences, and impairments were found in parents
of patients with schizophrenia.

The above studies did not distinguish between
parents who did and did not have ADHD themselves.
This distinction is useful because neurocognitive
deficits in unaffected relatives would suggest that
impairments are part of the underlying liability to
ADHD, whereas the presence of such deficits in af-
fected relatives only suggests that they result from
the disorder or from unique environmental influ-
ences. Studies that have distinguished between af-
fected and unaffected relatives of ADHD probands
have found variable results, but the general pattern
suggests some evidence of subtle deficits in un-
affected relatives, despite greater deficits in affected
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relatives. Seidman, Biederman, Monuteaux et al.
(2000) compared affected and unaffected siblings of
males with ADHD to unaffected siblings of male
controls on the Stroop, WCST, an auditory CPT,
measures of verbal learning, the ROCF and a letter
cancellation test. Unaffected siblings did not differ
from control siblings on individual measures, al-
though the combined neuropsychological battery
was nearly able to significantly differentiate between
these groups (p = .06). The siblings of ADHD pro-
bands who themselves had ADHD showed impair-
ments on the Stroop, the WCST and a measure of
verbal learning.

Evidence of subtle impairments in unaffected rel-
atives comes from Slaats-Willemse, Swaab-Barne-
veld, de Sonneville, van der Meulen, and Buitelaar
(2003) on measures of inhibition in multiplex famil-
ies. They assessed 25 youth with at least one other
relative with ADHD, their 25 unaffected siblings and
48 age- and IQ-matched normal controls. Measures
included the Stroop Interference subtest, false
alarms on the Go-No-Go test and commission errors
from a visual CPT. On the three tasks, unaffected
siblings had intermediate scores between the ADHD
and control groups, although the differences be-
tween unaffected relatives and controls fell short of
statistical significance.

In a larger study, Nigg et al. (2004) assessed the
variability of reaction time on EF and related meas-
ures (Stop Test, Trails B, Stroop and Tower of Lon-
don) in over 350 relatives of ADHD probands.
Significant proband-relative correlations indicated
that measures were familial, but the magnitude of
these correlations was modest (.03 to .19). Impair-
ments were found on RT variability for mothers, the
SSRT for mothers of female probands, and Trails B
for relatives of probands with ADHD-C, and the latter
two findings withstood correction for relatives’
ADHD.

The above three studies suggest that deficits in
unaffected relatives may be subtle, with positive or
near-positive findings emerging when strategies are
employed to maximize power to detect impairments.
For example, in Seidman et al.’s study (2000), com-
bining information across tests may have aggregated
subtle impairments into a more robust measure of
neuropsychological integrity. In Slaats-Willemse
et al.’s paper (2003), assessing multiplex families,
who theoretically possess more susceptibility genes
for ADHD than families with one affected individual,
may have facilitated the detection of cognitive
impairments associated with the genetic underpin-
nings of the disorder. Nigg et al.’s study (2004) sug-
gests a stronger association of deficits with relatives
of females and/or ADHD-C. Recently, Doyle et al. (in
press) tested these ways of maximizing power to de-
tect deficits in a large sample of relatives of female
ADHD probands. Overall results were similar to the
Seidman et al. (2000) study based on parallel
methodology in relatives of boys. The battery as a

whole distinguished between unaffected relatives
and controls, and greater impairments were seen in
affected versus unaffected relatives; however, limit-
ing analyses to multiplex families improved detection
of impairments in unaffected relatives. In these
individuals, impairments emerged on measures of
EF, processing speed and mathematics skills, i.e., on
Wechsler Oral Arithmetic subtest, the Stroop Color,
Color-Word and Interference subtests and the
WRAT-R Arithmetic test. No robust differences
emerged between relatives of probands with ADHD-C
and ADHD-I, with the exception of clear impairments
for relatives of ADHD-I but not ADHD-C on a meas-
ure of processing speed (Wechsler Digit Symbol/
Coding).

In sum, when EF impairments in relatives of
ADHD youth are found, they are of low magnitude,
more notable in affected compared with unaffected
relatives, typically observed on only a minority of
measures, and as yet not well-replicated. Yet, despite
the lack of robust findings, the fact that several
studies find some evidence of deficits in unaffected
relatives provides support for partial familial overlap
of ADHD and EF on some measures.

Adoption studies. Two published adoption studies
have examined laboratory measures in the biological
and adoptive relatives of ADHD probands, although
the majority of measures were related to aspects of
attention and reaction time rather than aspects of EF
per se. In one study, biological parents of ADHD
children performed more poorly on measures of
visual attention and reaction time than did
adoptive relatives of ADHD children (Alberts-
Corush, Firestone, & Goodman, 1986), but no
differences between biological and adoptive parents
were found on an impulsivity measure from a maze
test. In the second study, Nigg, Swanson, and
Hinshaw (1997) found that biological parents of
ADHD boys showed hemispheric asymmetry on a
visual-spatial orienting task, consistent with a deficit
in alerting, compared with adoptive parents of ADHD
boys and parents of control boys. This pattern of
response may be relevant to broad conceptions of EF
that include vigilance and arousal regulation (e.g.,
Barkley, 1997a), although others would view the
alerting network as essentially a separate network
from the executive frontal-striatal loops (Berger &
Posner, 2000) and potentially supporting alternative
endophenotypes for ADHD.

Twin studies. Thus far, three twin studies have
assessed the genetic overlap of ADHD and measures
of neurocognitive functioning. The first examined
whether ADHD shares genetic variance with parent-
ratings of EF (Coolidge, Thede, & Young, 2000). The
8-item scale showed a heritability of .77 and a
phenotypic correlation of .83 with ADHD, the
majority of which (r=.79) was due to genetic
factors. Although these findings are intriguing, it is



possible that shared method variance rather than an
actual genetic relationship is contributing to the high
genetic correlation of these phenotypes, given that
parents were reporting on both ADHD and EF
symptoms. More data on the construct validity of
such self-report scales of EF is also needed.

Two studies used population-based twin samples
to assess the relation between ADHD symptoms and
performance on a battery of neuropsychological tests
(Chhabildas, Willcutt, & Pennington, submitted;
Kuntsi & Stevenson, 2001). Using the correlation of
the two phenotypes in MZ versus DZ twins, twin
studies allow estimation of bivariate heritability (hg).
This statistic ranges from zero to 1 and indicates the
extent to which variability in one trait is attributable
to the same genetic influences that impact another
trait. Kuntsi and colleagues examined the bivariate
heritability of extreme hyperactivity and measures of
working memory, delay aversion and reaction time —
all of which had shown group differences between
hyperactive and control children. The SSRT was not
assessed in this study because the mean score of the
hyperactive group on this measure did not differ
significantly from controls. A composite measure of
cognitive tasks that best discriminated between
hyperactive and control youth was also examined.
This score incorporated reaction time measures
(standard deviation and mean), omission errors,
delay aversion and verbal IQ. Results showed genetic
overlap between extreme hyperactivity and RT vari-
ability (hg = .64), which may tap state regulation,
and of the composite discriminant score (hg, = .80).
Bivariate heritability estimates were relatively high
for commission errors (hg = .60); however, these
were not statistically significant due to high stand-
ard errors and the small sample size. Delay aversion
did not show any evidence of genetic overlap with
extreme hyperactivity (hg = —.06).

The second twin study examined a larger sample
of twins selected for DSM-IV ADHD (Chhabildas
et al., submitted) and measures of inhibition (SSRT
and CPT commission errors), working memory (sen-
tence and counting span), vigilance (CPT omission
errors), perseverative errors (WCST), and processing
speed (WISC-R Coding and Trailmaking). Estimates
of bivariate heritability were somewhat lower than
those obtained by Kuntsi and Stevenson (2001;
hg = .20-.38), but were significant for all neurocog-
nitive variables with the exception of perseverative
errors. Higher bivariate heritabilities were obtained
for inattentive compared with hyperactive/impulsive
symptoms. Similar to Kuntsi and Stevenson (2001),
the strongest evidence of bivariate heritability (hg =
.52) was obtained for a discriminant function score
that included measures of processing speed, vigil-
ance, working memory, and inhibition.

In sum, twin studies suggest that ADHD and EF
share genetic influences but, like family studies,
indicate that the genetic overlap between ADHD and
EF is not substantial.
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Candidate gene studies of EF deficits in ADHD
samples. Thus far, a handful of studies have
examined the relationship between ADHD,
neuropsychological dysfunction and specific genes.
Langley and colleagues (2004) found that the DRD4
Exon III 7-repeat allele was associated with incorrect
responses on the Matching Familiar Figures Test
(MFFT) and faster reaction time for incorrect
responses on the MFFT and the Stop Task. No
differences between those with and without the 7-
repeat allele were found on the Go—No-Go Test, SSRT
or the CPT- Identical Pairs version (CPT-IP), and
ADHD youth showed greater impairments than
controls regardless of whether they had the 7-
repeat allele.

Two other studies found associations with DRD4,
but with impaired performance in subjects without
the 7 repeat allele. Swanson et al. (2000) examined a
battery of computerized attention tasks in subjects
with ADHD-C. Contrary to expectation given the
association of the 7-repeat allele with the ADHD
diagnosis in this sample, the group with the 7-repeat
allele showed normal speed and variability of test
responses. Slow and variable responses were found
in the group without this allele. Manor et al. (2002)
documented similar findings regarding the relation
of DRD4 to a continuous performance test generally
associated with attention or vigilance rather than EF
per se (the Test of Variables of Attention; TOVA) in
ADHD subjects from the Israeli population. In this
sample, however, ADHD was associated with the
short alleles of DRD4 (2-5 repeats) versus the long
alleles (6-8 repeats) in family-based and case-con-
trol association analyses. Consistent with the short
alleles as the risk alleles in this group, individuals
with shorter repeats had more commission errors
and longer reaction times.

Results of these latter two studies are consistent
with Fossella et al.’s study of healthy adults (2002)
in finding DRD4 Exon III VNTR short alleles associ-
ated with worse performance. Manor and colleagues
(2002) suggest that either that the exon III poly-
morphism is in linkage disequilibrium with the true
risk allele or that there is allelic heterogeneity, with
multiple alleles of this gene potentially associated
with disease status. Given the functional signifi-
cance of the Exon III polymorphism (Asghari et al.,
1995; Van Tol et al., 1992), the latter possibility may
be more likely. Fossella and colleagues (2002) raise
the intriguing explanation that both higher and
lower than average levels of synaptic dopamine may
produce neurocognitive impairments. This hypothe-
sis is consistent with results of clinical trials (Tann-
ock, Schachar, & Logan, 1995) documenting an
inverted ‘U’ shaped response curve across low to
high doses of methylphenidate, a medication that
influences dopamine availability in the synapse.

A handful of other studies have assessed the
association of other genes with cognitive performance
in ADHD. Manor et al., (2004) found that the 148
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base pair allele of the DRDS polymorphism was
associated with greater errors of omission and com-
mission, response time and variability of response
time on the TOVA (a visual CPT). Other recent studies
have not found significant associations. For instance,
in 124 children with ADHD, Mills et al. (2004) found
no association between COMT and performance on
the Wechsler Arithmetic and Digit Span (forwards
and backwards) subtests, the MFFT, the CPT-IP and
the Stop Signal and Go-No-Go Tests. Another recent
study (Taerk et al., 2004) did not find an association
between COMT genotypes and the WCST, Tower of
London and the Self-Ordered Pointing Task in a
similarly large ADHD sample. These findings are not
surprising since studies of COMT have not yielded
conclusive association with the ADHD diagnosis (see
Faraone et al.,, in press). Recently, Adams et al.
(2004) found no evidence for association of the gene
for a glutamate receptor (GRIN2A) with ADHD in 183
families or with the SSRT or Digit Span (forwards and
backwards) in a subset of these individuals. Because
at least one family of glutamate receptors may
modulate the effects of dopamine and serotonin
(Miyamoto et al., 2001) and the gene for GRIN2A is
located within the region of interest on16p13 found in
the UCLA linkage sample, further studies of this gene
are warranted.

Summary and conclusions — Criterion #4. Family
studies suggest that EF impairments may, in part,
be associated with the ADHD diagnosis itself;
however, deficits of low magnitude in unaffected
relatives leave open the possibility that performance
on EF measures is an index of the genetic liability to
ADHD. The small number of twin and adoption
studies that have addressed this issue provide
further evidence that ADHD and EF may share
some genetic influences. Yet, these studies also
indicate that either a significant proportion of the
genetic influences on ADHD differ from the genetic
influences on EF measures or else some factor (e.g.,
heterogeneity/reliability) is limiting the detection of
the extent of the shared genetic influences.

Both family and twin studies also suggest that
familial/genetic overlap is most robust for scores
based on multiple neurocognitive measures, raising
the possibility that this strategy is useful for redu-
cing error variance. However, the concept of aggre-
gating across EF measures requires consideration
as it can be at odds with the aim of identifying
endophenotypes that will help to disassemble com-
plex phenotypes into more precise components
with a simple genetic structure. Although aggrega-
tion presumably reduces error, it is not clear
whether the aggregated measures were useful in the
above studies due to tapping a general, latent EF
trait with better reliability, whether the composite is
tapping into multiple endophenotypes or even
whether the finding suggests that the inherited cog-
nitive deficit in ADHD is general rather than specific.

Given these unresolved issues, it is not surprising
that the small number of molecular genetic studies
of ADHD and neurocognitive measures have been
inconclusive. Three studies found an association
between DRD4 and test performance; however, only
one found this association to be with the 7-repeat
allele, while two studies suggest that the short alleles
of DRD4 were associated with an aberrant pattern of
responses. Findings raise the possibility that both
high and low levels of synaptic dopamine could be
associated with neurocognitive deficits. One study
found an association between DRDS and perform-
ance on a CPT, and two studies did not find associ-
ations between COMT and GRIN2A and EF
measures.

Impressions and recommendations for future
studies

The literature provides clear evidence that neural
mechanisms are disrupted in the ADHD brain and
that these disruptions can be observed on EF
measures broadly conceived. If a single EF deficit
were identified in ADHD samples, particularly one
that was heritable, able to be reliably measured and
showed substantial familial or genetic overlap with
the disorder, such a deficit would be an obvious
candidate for use in molecular genetic studies.
However, our review shows that the choice of neuro-
cognitive endophenotypes for ADHD is not straight-
forward. Although impairments within the general
class of EFs are associated with the ADHD diagnosis,
the variability of deficits has made a definitive
neurocognitive model of ADHD difficult to discern.
Given that measures of EF show preliminary evid-
ence of heritability and at least some familial /genetic
overlap with ADHD, such deficits are potentially
useful as ADHD endophenotypes. Yet, measures of
EF appear less heritable than ADHD, and extant
studies do not show individual genes accounting for
more than 5% of the variance in neurocognitive tests.
Additionally, the overlap between ADHD and EF in
family and twin studies is partial rather than sub-
stantial. While these issues do not negate the utility
of EF measures as endophenotypes for ADHD, they
constitute a challenge for how subsequent research
should progress.

Understanding neuropsychological variability in
the context of multifactorial models of ADHD.
Addressing neurocognitive heterogeneity in ADHD
has the potential to yield homogenous subgroups
that show greater evidence of familial overlap with
aspects of EF. However, heterogeneity at the
neurocognitive level does not necessarily reflect
genetic heterogeneity. Drawing on Tsuang and
Faraone’s discussion of the link between
phenotypic and etiological heterogeneity with
regard to schizophrenia (Tsuang & Faraone, 1995)



and bipolar disorder (Faraone & Tsuang, 2003),
neurocognitive variability could represent several
scenarios. A single etiological class of risk factors is
the most parsimonious possible multifactorial
model. In this model, cases arise from a single pool
of genetic and environmental influences, each with a
small effect, that act together to produce the
diagnostic phenotype. The specific factors that any
person has do not themselves matter, only that the
total number of factors exceeds a certain threshold.
Etiological homogeneity is feasible if the number of
potential risk genes approximates the actual
threshold (Tsuang & Faraone, 1995). For example,
if 8 out of 10 risk factors are required for ADHD,
cases will predominantly share etiological factors. In
this model, if one or more EF deficits lie in the causal
pathway leading to the behavioral symptoms of
ADHD, the variability of performance on neuro-
cognitive tests may represent the pleiotropic effects
of the core set of genes, along with the influence of
various factors such as measurement issues,
development, environment, co-occurring conditions
moderating performance and genotypic variation
outside the core set of genes that influence
cognition and/or ADHD. In the context of such a
model, studying EF impairments in ADHD would be
useful for indexing the core set of genes for the
condition, particularly if such impairments tap
phenotypes that are less genetically complex than
ADHD as a whole. Strategies to improve the utility of
the neurocognitive measures would include reducing
the impact of noise (e.g., measurement error,
hypothesized environmental risk factors, etc.).

A second possibility is true neurocognitive sub-
types within ADHD, e.g., as conceptualized in So-
nuga-Barke’s dual-pathway model (Sonuga-Barke,
2002). In this scenario, different ADHD cases may
arise from unique neurocognitive deficits, each of
which reflects a unique pool of genetic risk factors. If
this model were borne out, teasing apart neurocog-
nitive heterogeneity would facilitate gene-finding by
increasing the homogeneity of phenotypes to be
examined. Identification of subtypes would be par-
ticularly straightforward if, for example, specific
neurocognitive deficits were linked to phenotypic
features of ADHD (e.g., symptom dimensions).

A third possibility lies between these models. In
this scenario, ADHD cases may arise from a single
pool of genetic and environmental factors, with the
pool of risk factors much larger than the threshold
and the risk factors potentially but not necessarily
overlapping. For example, if 9 of 20 risk factors
were required to develop ADHD, there could be
neurocognitive heterogeneity due to the specific risk
factors present in a given case. In this case, strat-
egies outlined for the two models above would still
be useful, especially if there were a direct relation
between particular genes and specific neurocognit-
ive impairments. If not, the same neurocognitive
deficits could be associated with different genes in
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different samples. This possibility is reasonable
because the PFC is one of the most widely inter-
connected regions in the brain (Goldberg & Seid-
man, 1991). Here, careful attention to sample
characteristics and the use of genetically simple
measures that could maximally differentiate im-
pairments could be useful research strategies, but a
pattern of heterogeneous findings may result across
different studies. In this case, as others have sug-
gested (Gottesman & Gould, 2003; Pennington &
Ozonoff, 1996), after associations with the endo-
phenotype are made, ‘bottom up’ research strat-
egies to trace gene products may be necessary for
resolution of pathophysiological models. Addition-
ally, interdisciplinary collaborations using neuro-
imaging and/or psychophysiological measures that
could differentiate deficits may be important addi-
tions to neurocognitive measures if such models are
operating with regard to ADHD.

Research strategies. Although, at present, it is
difficult to differentiate between the above multi-
factorial models, a range of research strategies, some
of which have been discussed, can help
ADHD molecular genetic research move forward.
Table 2 summarizes these recommendations, along
with the key findings from Criteria #1-4 reviewed
above.

Further cognitive analysis of ADHD. The
literature we have reviewed suggests that
examination of neurocognitive heterogeneity is
important for establishing more precise
neurodevelopmental models of ADHD as well as
the success of endophenotypic studies. We have
argued for greater attention to moderators of
variability of neurocognitive performance within
ADHD samples such as family history, comorbidity
and inattentive versus hyperactive/impulsive
symptoms to determine whether qualitative or
quantitative differences exist on these dimensions
within ADHD samples. Such examinations offer the
possibility of more homogenous neurocognitive
subgroups to be used in molecular genetic studies.
This line of research also has clinical implications in
terms of the potential identification of individuals
who respond differently to academic, pharmacologic
or behavioral interventions. Examining features
that differentiate the neurocognitive deficits in
ADHD from those in other disorders (Pennington &
Ozonoff, 1996; Sergeant et al., 2002) may also help
to delineate one or more neurocognitive profiles that
are unique to ADHD (e.g., like an MMPI code type).
Constructs such as state-regulation factors
(Sergeant et al., 2002) and delay aversion (Sonuga-
Barke etal., 2002) that may assist in
understanding neurocognitive heterogeneity should
be regularly incorporated, along with carefully
chosen measures of EF, into studies assessing
familial/genetic overlap of neuropsychological
impairments and ADHD.



Table 2 Summary of findings: measures of executive functions (EF) and criteria for a useful endophenotype for ADHD

Criterion

Evidence

Unresolved issues

Directions for future studies

# 1 — Association
with ADHD

# 2 — Good
psychometric
properties

# 3 — Heritability &
association with
relevant genes

in normal/
population
samples

# 4 — Familial/
genetic overlap
with ADHD &
association with
specific genes in
ADHD samples

Robust — Extensive literature
has documented associations
between ADHD & impairments
on measures of EF. Compelling
associations with response
inhibition & working memory.

Not well studied.
Some evidence of test-retest &/or
internal consistency reliability.

Not well studied.
Available data suggest measures

may be less heritable than ADHD.

Measures unlikely to be
influenced by a single gene.
Replicated association between
COMT & WCST perseverative
errors.

Not well studied.
Twin & adoption studies suggest
family/genetic overlap between

several measures of EF, attention &

pure reaction time with ADHD;
however, overlap is partial rather
than substantial and

discrepancies exist across studies.

Association between DRD4 &
measures of impulsivity &
response speed, but risk alleles
vary across study.

— No single ‘core’ neurocognitive
deficit (i.e., necessary & sufficient)
for ADHD has been identified

— Neurocognitive heterogeneity
appears to exist but has not been
extensively explored

— Not clear whether heterogeneity
reflects quantitative or qualitative
neurocognitive differences

within ADHD

— Reliability may differ across

different levels of ability

— Clinical measures may tap multiple
functions & have limited sensitivity

— Experimental measures may be more
sensitive & specific but lack
standardization & normative data

— Few measures already examined,

often with small sample sizes

— Inadequate data for conclusions

about which measures are most heritable
— Measures may themselves be

complex phenotypes

— Limited number of studies
— Not clear whether impairments
associated with disease status

1.

Continue cognitive analysis of ADHD: a) attend to moderators of
neurocognitive heterogeneity (e.g., family history, persistence,
comorbidity, symptom dimensions (DSM-IV subtype); b) incorporate
promising non-EF constructs (e.g., state regulation factors, delay
aversion) into family & twin studies with EF measures c) directly
compare theoretical models; d) compare individuals with ADHD to
those with other conditions associated with EF deficits

. Use empirical strategies such as measures/constructs that maximize
relative risk, statistical programs/methods that do not require a priori

specification of cutoffs or subgroups to identify best phenotypes for
molecular genetic studies (e.g., PBAT for family-based association
studies, ordered subset analysis for linkage studies)

. Conduct new studies to derive normative data across the lifespan &

reliability across ability levels for measures for which such data are
unavailable (particularly for promising measures from experimental
cognitive neuroscience)

. Implement control tasks &/or experimental measures to try to

isolate deficits

. Use data aggregation strategies to reduce error variance

(e.g., measures that are stable over time; combine measures
conceptually or via factor analysis)

. Conduct large population-based twin study to examine heritability

of a range of EF measures (particularly for promising measures
from field of experimental cognitive neuroscience)

. Conduct large study to examine association with individual genes &

complexity of neurocognitive measures

. Conduct large family &/or twin studies of ADHD & EF that collect

molecular genetic data. Include measures from cognitive
neuroscience and measures of state-regulation and delay aversion,
attending to psychometric issues & examining whether stratifying
samples by family history, persistence, comorbidity & symptom
type (DSM-1IV subtype) will better identify deficits in unaffected
relatives of ADHD probands. If not, use empirical strategies to
select cognitive phenotypes for analysis. Collaboration across

sites may be needed to obtain large samples.

ADHD = Attention-deficit/hyperactivity disorder; EF = Executive functions; WCST = Wisconsin Card Sorting Test.
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Direct assessment of statistical power. In both
new and existing studies, empirical methods to in-
crease the statistical power of molecular genetic
studies may also facilitate the selection of neuro-
cognitive measures that are useful for gene-finding.
To date, none of the available endophenotype studies
of ADHD have directly addressed statistical power.
This issue is paramount, given that performance on
many neurocognitive measures may not be mediated
by a single gene. Risch (1990b) has demonstrated
that the statistical power of a linkage study increases
with the magnitude of risk ratios, which are com-
puted by dividing the affection rate among each rel-
ative type by the rate of affection in the population.
Following Risch’s usage, we refer to these ratios as
lambdas’ (4). Risch also showed that power depends
only on /1 and on no other genetic parameters. Low 4
values may be due to a variety of factors, such as
oligogenic transmission, genetic heterogeneity, pheno-
copies and low penetrance.

Given his mathematical analysis, Risch (1990b)
suggested that defining disease status in a manner
that increases 1 would increase the power of linkage
studies. Faraone et al. (1995) showed how this could
be applied empirically in endophenotype definitions
for molecular genetic studies of schizophrenia. The
potential value of endophenotypes for ADHD is seen
in the fact that 1 values for the transmission of
ADHD in family studies are consistently low, ranging
from 2 to 3 for the risk to siblings and 2 to 8 for the
risk to parents (Faraone et al., 2000b). If, as we
suspect, more than one gene causes ADHD, then the
A for any single gene must be low. For example, if
three genes of equal effect combine additively to
cause ADHD, then to attain an empirical 4 of 5, the 4
for each gene would be about 1.7. If an ADHD
endophenotype had a higher 4 value, it could prove
to be a useful tool for finding ADHD susceptibility
genes. Because neurocognitive measures appear to
have lower heritability than ADHD, higher 4 values
would likely occur as the result of reduced com-
plexity of the endophenotype compared with ADHD.
These facts highlight the need for identification of
endophenotypic measures that show reduced com-
plexity as phenotypes.

Maximizing lambda within the range of EF meas-
ures that are impaired in ADHD could allow selection
of measures for further study without fully resolving
the core neurocognitive deficits in ADHD. A study of
neurocognitive performance of probands with
schizophrenia, their siblings and controls provides
an example of this strategy (Egan et al., 2001). In
this sample, relative risk was elevated for Trails B
and the California Verbal Learning Test compared
to risk for the diagnosis. Thus, the use of these
measures would provide increased power over the
diagnosis in further genetic analyses in that sample,
regardless of the underlying neurocognitive sub-
strate of the disorder or the underlying trait that the
measures were tapping. In turn, results of genetic
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analyses would inform theory as well as the design of
further studies. Selecting measures that maximize
relative risk in this way is consistent with the overall
purpose of the endophenotype concept (i.e., to use
biologically-based measures to maximize power to
find genes for ADHD). Although this strategy
emphasizes empirical over theoretical methods, it is
still grounded in the theory that led to the initial
selection of measures to be examined.

Reduction of error variance. Another way to
maximize power is to reduce error variance. Several
strategies for doing so have been discussed above.
Selection of measures that reliably and validly assess
individuals along the full range of performance would
allow for quantitative trait analyses and could capit-
alize on designs using discordant relative pairs.
Analyses on these relatives are based on the expec-
tation that such relatives should share a given allele
less often than is expected by chance. Compared with
most other sibling selection strategies, discordant
sibling pair designs provide more statistical power for
linkage analyses (Dolan & Boomsma, 1998; Risch &
Zhang, 1995) and may also provide information
useful for association mapping (Boehnke & Lange-
feld, 1998). Because data on reliability and validity
across age and ability level are limited for many
neurocognitive measures, researchers at the 5th an-
nual ADHD Molecular Genetics Conference agreed
that a large-scale study addressing such issues
would be useful to the field (Faraone, submitted).

Rice and Todorov (1994) also recommend the use of
longitudinal or repeated measures designs for diag-
nostic assessment to reduce measurement errors in
genetic studies. This strategy could be applied to neuro-
cognitive measures of ADHD by incorporating
information about stability across time into the
endophenotype definition. Additional strategies to re-
duce error include the use of control tasks, experimental
measures (with potentially more precise and sensitive
targeting of functions than multifactorial clinical
measures) and data aggregation strategies aimed at
reducing the error associated with a single test.

This latter strategy appears promising given that
aggregated measures from neurocognitive batteries
in twin and family studies have shown greater
familial overlap with ADHD than individual measures
(Chhabildas et al., submitted; Doyle, Biederman,
Seidman, Reske-Nielsen, & Faraone, in press; Kuntsi
& Stevenson, 2001; Seidman et al., 2000). Yet, as we
have discussed, the use of composite measures is
slightly at odds with the aim of selecting endophe-
notypes that are genetically simple component parts
of complex phenotypes unless aggregation strategies
aim to tap specific rather than broad constructs. The
literature on other disorders illustrates that such
measures can be created both conceptually and
empirically. For example, Grigorenko and colleagues
found differential probability of linkage for concep-
tually derived scales of specific dyslexia-related
phenotypes that aggregated information from at least
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two relevant measures (Grigorenko, Wood, Meyer, &
Pauls, 2000). Factor analysis can also capture mul-
tiple neurocognitive deficits, were they to exist, based
on empirical grounds (i.e., a weighted linear combi-
nation of scores) if a priori hypotheses have not been
fully articulated. Krabbendam, Marcelis, Delespaul,
Jolles, and van Os (2001) showed how this is possible
using a battery of measures in patients with schizo-
phrenia. Similarly, Leckman et al., (2003) have used
factor analysis to identify dimensions of OCD symp-
toms, some of which are associated with an increased
familial risk for the disorder.

Selection of measures with highest heritability or
for which a given gene contributes a significant
amount of variance. Neurocognitive measures that
are highly heritable as well as measures to which a
given gene contributes a significant amount of
variance will be the most powerful tools for genetic
studies of ADHD. As we have reviewed, the relevant
literature is growing but does not yet provide a
definitive guide for comparing measures with regard
to these criteria. Large twin studies that better
document the heritability of such measures would
therefore be of value to the field but may require
collaborations across research groups to achieve
adequate sample sizes. In the absence of twin data,
family studies can be used to test if a putative
endophenotype is familial and to calculate upper
limits of heritability. If twin studies continue to show
that measures are less heritable than ADHD per se,
the value of such measures in endophenotype studies
will come from their more direct association (as
compared to the disorder as a whole) with
individual genes. Because many measures may,
themselves, be complex phenotypes, paradigms
from experimental cognitive neuroscience that tap
precise functions may be the most promising to
pursue in future heritability and reliability studies.

Adoption of data analytic strategies in molecular
genetic studies to accommodate heterogeneity
and/or select genetically powerful phenotypes.
Finally, given a priori hypotheses about
subgroups of neurocognitive deficits in ADHD,
covariates can be incorporated into family-based
association studies (e.g., into logistic regression
extensions of the transmission disequilibrium test
(TDT; Waldman, Robinson, & Rowe, 1999). In linkage
analysis, subgroups of interest can also be examined.
However, because multifactorial genetic models of
ADHD may render a prioridelineation of subgroups or
target phenotypes difficult, empirically driven
analytic strategies that can assist with selec-
tion of the most genetically powerful phenotypes
may be particularly beneficial tools for researchers.
For example, Lange and colleagues (2003) have
developed a two-stage testing strategy to test null
hypotheses regarding the association of a set of
quantitative phenotypes with a given marker
without the need to adjust for multiple comparisons
in the subsequent family-based test. This strategy

uses a program that includes several features that
allow for the ‘planning of family based association
tests’ (PBAT; Lange, DeMeo, Silverman, Weiss, &
Laird, 2004). In the first stage, the association of
several phenotypes and the marker locus is tested
using a population-based statistic grounded in
generalized estimating equations that model the
quantitative phenotypes as a function of genotypes
of interest. The phenotype with the strongest genetic
component (i.e., with the smallest p-value) can then
be tested for association with the marker in a
subsequent family-based association test (FBAT)
test. The mnominal significance level of the
subsequent test is not biased because offspring
genotypes from informative families (i.e., families
with at least one heterozygous parent) that are used
in calculating the FBAT statistic are not used in the
first-stage population-based statistic. If more than
one of the quantitative phenotypes is associated with
the marker in the first stage or based on expectation,
a multivariate extension of the procedure could be
implemented (Lange etal., 2003). Lange and
colleagues have illustrated this strategy using the
phenotype of childhood asthma. Such a strategy is
useful at the present time for researchers desiring to
avoid the pitfalls of multiple testing but faced with the
dilemma that multivariate models of ADHD and
neurocognitive heterogeneity may not translate into
a single candidate neurocognitive measure to target.

Linkage analyses are also amenable to empirical
strategies for phenotype selection. For example,
Hauser et al., (2004) developed a strategy called or-
dered subset analysis (OSA) to identify subsets of
families, based on their score on a covariate, that
provide the greatest evidence for linkage rather than
meet a priori assumptions about how a subset
should be selected. This strategy has been applied
successfully to a fine mapping analysis in autism
(Shao et al., 2003). In this study, a significantly
higher LOD score for a region on Chromosome 15
was found in families where relatives shared high
scores on the ‘insistence on sameness (IS)’ factor
from an autism interview. This method provides yet
another means by which to use neurocognitive
impairments to assist in identifying chromosomal
regions of interest in ADHD by reducing heterogen-
eity when the delineation of specific subgroups is
premature.

Conclusions

A great deal of work still lies ahead regarding
understanding the relationship between genetic and
neurobiological factors in ADHD, but the potential
impact of such work is vast from a public health
perspective. ADHD is estimated to affect about 8% of
the population around the world (Faraone, Sergeant,
Gillberg, & Biederman, 2003). The societal cost of
the condition is significant, given its association with



academic underachievement, substance abuse,
conduct problems, underemployment (Barkley,
Fischer, Edelbrock, & Smallish, 1990; Mannuzza,
Klein, Bessler, Malloy, & LaPadula, 1993), increased
health care utilization (Leibson, Katusic, Barbaresi,
Ransom, & O’Brien, 2001) and accidents, including
driving-related problems (Barkley, Murphy, &
Kwasnik, 1996; Woodward, Fergusson, & Horwood,
2000). Specification of genetic and environmental
risk factors and their associated pathophysiological
risk mechanisms will help characterize early pre-
dictors of persistence and morbidity that, in turn,
will pave the way for more refined treatment and
primary prevention strategies. The data reviewed
above suggest that neurocognitive endophenotypes
for ADHD offer potential to move this line of research
forward; however, such studies will not be a quick fix
for the field. Rather, careful consideration must be
given to issues of heterogeneity and measurement to
maximally reduce the complexity of the endopheno-
types themselves and take advantage of their
potential to target a more homogenous piece of the
etiological puzzle of ADHD.
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Centre for Anxiety Disorders and Trauma
Autumn 2005 workshops at the Institute of Psychiatry

Thursday 67

October 2005 workshop

CBT for anxiety - Introductory

Professor David Clark, Professor Paul
Salkovskis, Dr. Nick Grey, Dr. Debbie
Cullen, Ms. Sheena Liness and Mr. Blake
Stobie

Friday 7"
October 2005

Intensive treatment for OCD

Professor Paul Salkovskis, Mr. Paul
Wheble and Dr. Victoria Bream

Thursday 13 October
2005
DAY 1

Cognitive Therapy for Post
Traumatic Stress Disorder

Professor Anke Ehlers, Dr. Nick Grey, Ms.
Sheena Liness, Dr. Jennifer Wild and
Dr. Idit Albert

Friday 14" October

Cognitive Therapy for Post

Professor Anke Ehlers, Dr. Nick Grey, Ms.

October 2005

and families with OCD

2005 Traumatic Stress Disorder Sheena Liness, Dr. Jennifer Wild and
DAY 2 Dr. Idit Albert
Friday 21 CBT for children, adolescents Professor Paul Salkovskis, Mr. Blake

Stobie and Ms. Linda Atkinson

Workshops will take place at the Institute of Psychiatry, De Crespigny Park, London.

For further information please log on

the

Institute of Psychiatry website:

www.iop.kcl.ac.uk/iopweb/events/ or call Lesley Anderson on 020 7848 5038.

Cost = £ 140 per day (including lunch). A 10% discount applies if you book more than one day.



