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pronounced deficits on all measures of component reading and language skills, as
well as significant weaknesses on measures of verbal working memory, processing
speed, and response inhibition. Groups with ADHD exhibited weaknesses on all re-
sponse-inhibition and processing speed tasks and were impaired on some measures
of component reading skills and verbal working memory. The group with comorbid
RD and ADHD exhibited the combination of the deficits in the RD-only and
ADHD-only groups, providing evidence against the phenocopy and cognitive sub-
type hypotheses as explanations for the co-occurrence of RD and ADHD. Slow and
variable processing speed was characteristic of all 3 clinical groups, suggesting that
measures of this domain may be useful for future studies that search for the common
genes that increase susceptibility to RD and ADHD.

Reading disability (RD) and attention deficit hyperactivity disorder (ADHD) are
two of the most common disorders of childhood, each occurring in approximately
5% of the population as seen in Diagnostic and Statistical Manual of Mental Dis-
orders—Text Revision (4th ed. [DSM-IV-TR]; American Psychiatric Association,
2000). ADHD and RD also co-occur significantly more frequently than expected
by chance; 25% to 40% of individuals with ADHD also meet criteria for RD (e.g.,
Dykman & Ackerman, 1991; Semrud-Clikeman et al., 1992), whereas 15% to 40%
of individuals with RD meet criteria for ADHD (Gilger, Pennington, & DeFries,
1992; Shaywitz, Fletcher, & Shaywitz, 1995; Willcutt & Pennington, 2000).
Several competing explanations have been proposed to account for comorbidity
of RD and ADHD. We first briefly review data that do not support several of these hy-
potheses, then we describe four additional hypotheses that have received empirical
support. We then summarize the implications of neuropsychological studies for
these competing hypotheses and provide an overview of current knowledge regard-
ing the neuropsychological correlates of RD, ADHD, and comorbid RD+ADHD.

ARTIFACTUAL EXPLANATIONS OF COMORBIDITY
BETWEEN RD AND ADHD

Before attempting to understand the etiological underpinnings of comorbidity be-
tween disorders, it is important to rule out the possibility that the observed com-
orbidity is an artifact that is caused by a biased sampling procedure or measurement
problem. For example, artifactual comorbidity could occur due to ascertainment bi-
ases in clinic-referred samples, common method variance in the measures used to
define the disorders, symptom overlap between the disorders, or rater bias.

Most of these artifactual hypotheses can be rejected based on existing data. RD
and ADHD co-occur more frequently than expected by chance in both samples as-
certained from clinics (e.g., Semrud-Clikeman et al., 1992) and nonreferred sam-
ples recruited from the community (e.g., Fergusson & Horwood, 1992; Willcutt &
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Pennington, 2000), indicating that this comorbidity is not restricted to clinic-re-
ferred samples. Because RD is assessed by cognitive tests, whereas ADHD is as-
sessed by behavioral ratings, the relation between RD and ADHD cannot be ex-
plained by shared method variance. Similarly, the symptoms of RD and ADHD as
defined in the Diagnostic and Statistical Manual of Mental Disorders (4th ed.
[DSM-IV]; American Psychiatric Association, 1994) and the DSM-IV-TR do not
overlap.

The rater-bias hypothesis is somewhat more difficult to test, and the possibility
remains that parents or teachers may be more likely to endorse ADHD symptoms
if they know that the child is experiencing difficulty with reading. However, previ-
ous studies indicate that in addition to higher ratings of inattention symptoms by
parents and teachers, children with RD report greater difficulties with attention
than children without RD on self-report measures (Willcutt, Chhabildas, & Pen-
nington, 1998). Although the rater-bias hypothesis cannot be conclusively rejected
based on these results, these data suggest that it is not likely to provide a sufficient
explanation for all cases of comorbidity between RD and ADHD.

COMPETING EXPLANATIONS FOR TRUE
COMORBIDITY

Numerous competing hypotheses have been proposed to explain nonartifactual
comorbidity between two disorders (e.g., Caron & Rutter, 1991; Neale & Kendler,
1995). Explanations that have been supported in some previous studies of RD and
ADHD include the cross-assortment hypothesis (e.g., Faraone et al., 1993), the
phenocopy hypothesis (e.g., Pennington, Groisser, & Welsh, 1993), the cognitive
subtype hypothesis (e.g., Rucklidge & Tannock, 2002), and the common etiology
hypothesis (e.g., Willcutt, DeFries, et al., 2003). The cross-assortment hypothesis
suggests that an individual with RD is more likely to have a child with an individ-
ual with ADHD than would be expected by chance based on population base rates
of RD and ADHD. In a family study of the biological relatives of children with
ADHD, Faraone et al. (1993) found that comorbidity between learning disabilities
and ADHD was best explained by cross-assortment. This result, however, was not
replicated in later studies (Doyle, Faraone, DuPre, & Biederman, 2001; Friedman,
Chhabildas, Budhiraja, Willcutt, & Pennington, 2003), suggesting that cross-as-
sortment is not likely to explain the majority of cases of comorbid RD and ADHD.
Pennington et al. (1993) described results in a small sample of children with RD
and ADHD that suggested that RD might lead to the phenotypic manifestation of
ADHD in the absence of the etiological influences typically associated with
ADHD in isolation. This phenocopy hypothesis suggests that a child might appear
to be inattentive or hyperactive in the classroom due to frustration elicited by diffi-
culties with reading, rather than as a consequence of the neurocognitive difficulties
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that are typically associated with ADHD in the absence of RD. More recent data
from larger samples, however, have generally failed to support the phenocopy hy-
pothesis (e.g., Nigg, Hinshaw, Carte, & Treuting, 1998; Rucklidge & Tannock,
2002; Seidman, Biederman, Monuteaux, Doyle, & Faraone, 2001; Willcutt, Pen-
nington, et al., 2001).

The cognitive subtype hypothesis suggests that comorbid RD+ADHD is a third
disorder that is due at least in part to etiological factors that are distinct from those
that increase susceptibility to RD or ADHD alone. Therefore, this hypothesis pre-
dicts that the comorbid group will exhibit a different pattern of external correlates
than would be expected based on the additive combination of the correlates of each
disorder when they occur separately. Rucklidge and Tannock (2002) found that the
comorbid group performed significantly worse than the RD-only and ADHD-only
groups on measures of color naming, providing some support for this hypothesis.
In contrast, other studies have found that the RD+ADHD group exhibited the addi-
tive combination of the deficits associated with each individual disorder (e.g.,
Pisecco, Baker, Silva, & Brooke, 2001; Swanson, Mink, & Bocian, 1999; Willcutt,
Pennington, et al., 2001), suggesting that additional research is needed.

Finally, a series of studies tested if the relation between RD and ADHD is attrib-
utable to common etiological influences that increase susceptibility to both disor-
ders. Twin studies indicated that RD and ADHD are each highly heritable and
polygenic (e.g., DeFries & Alarcén, 1996; Faraone, Doyle, Mick, & Biederman,
2001; Fisher & DeFries, 2002; Gayan & Olson, 2001; Levy, Hay, McStephen,
Wood, & Waldman, 1997; Willcutt, Pennington, & DeFries, 2000a; Willcutt, in
press), and bivariate twin analyses suggested that comorbidity between RD and
ADHD is due primarily to common genetic influences (Light, Pennington, Gilger,
& DeFries, 1995; Stevenson, Pennington, Gilger, DeFries, & Gillis, 1993;
Willcutt, DeFries, et al., 2003; Willcutt, Pennington, & DeFries, 2000b). Based on
these results, genetic linkage studies have begun to search for chromosomal re-
gions that may contain a gene or genes that increase risk for both disorders (Loo et
al., in press; Willcutt et al., 2002, 2003). In the first of these studies, Willcutt, Pen-
nington, et al. (2002; Willcutt, DeFries, et al., 2003) reported that the well-repli-
cated quantitative trait locus for RD on Chromosome 6p21 (e.g., Cardon et al.,
1994, 1995) also increases susceptibility to ADHD. Similarly, Loo et al. (in press)
screened the entire genome and found that regions of Chromosomes 16p and 17q
may contain genes that increase risk for both RD and ADHD. Thus, although sev-
eral of these results await independent replication, existing data provide the stron-
gest support for the hypothesis that comorbidity between RD and ADHD is due at
least in part to a common genetic etiology.

Although these previous studies suggest that common genetic influences con-
tribute to comorbidity of RD and ADHD, the mechanisms of these common genes
are unknown. Because a single gene can influence multiple facets of neurocog-
nitive development (e.g., Falconer & MacKay, 1996), it is possible that the same
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genetic influences could increase risk for RD due to their effects on a first neural
system and increase risk for ADHD due to the impact of the gene on a second, dis-
tinct pathophysiological substrate. In this case there would be no common neuro-
psychological deficit in groups with RD and ADHD. Alternatively, a more parsi-
monious model would suggest that the common genes lead to a developmental
change in a single pathophysiological substrate and that this change then increases
risk for both disorders. In this model all three groups (i.e., RD, ADHD, and
RD+ADHD) should be characterized by at least some common neuro-
psychological weaknesses, with each individual’s final phenotype determined by
the other genetic and environmental influences that affect that individual.

ADHD Symptom Dimensions

A final factor that complicates interpretation of previous studies of comorbidity of
RD and ADHD is the distinction between symptoms of inattention and hyperactiv-
ity—impulsivity in DSM-IV. Phenotypic analyses suggest that deficits in reading
achievement and more general academic difficulties are more strongly associated
with inattention than hyperactivity—impulsivity (e.g., Chhabildas, Pennington, &
Willcutt, 2001; Lahey & Willcutt, 2002; Molina, Smith, & Pelham, 2001; Willcutt
& Pennington, 2000; Wolraich, Feurer, Hannah, Baumgaertel, & Pinnock, 1998).
Similarly, twin studies suggest that whereas the phenotypic correlation between
reading deficits and inattention symptoms is primarily explained by common ge-
netic influences, these common genes play a smaller role in the correlation be-
tween reading deficits and hyperactivity—impulsivity symptoms (Willcutt, Pen-
nington, et al., 2003; Willcutt et al., 2000b). In contrast, Willcutt, DeFries, et al.
(2003) found that bivariate linkage to Chromosome 6p was somewhat stronger for
reading difficulties and hyperactivity—impulsivity symptoms than for reading dif-
ficulties and inattention symptoms. This sample was relatively small (n» = 48-83
sibling pairs), however, and a much larger sample would be needed for this differ-
ence to reach statistical significance. Nonetheless, these inconsistent results sug-
gest that the relations between reading difficulties and the DSM-/V ADHD symp-
tom dimensions and subtypes are likely to be complex and, therefore, warrant
additional research.

NEUROPSYCHOLOGY OF RD AND ADHD

Although several different types of studies are required to test definitively between
all possible competing explanations for comorbidity (e.g., Neale & Kendler,
1995), neuropsychological methods can be used to test several of the competing
models described most frequently in the literature (e.g., Pennington et al., 1993;
Rucklidge & Tannock, 2002; Willcutt, Pennington, et al., 2001). Therefore, in this
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section we briefly summarize current knowledge regarding the neuropsychology
of RD and ADHD, then turn in the subsequent section to studies that used
neuropsychological methods to examine the etiology of comorbidity between RD
and ADHD.

Neuropsychological Profile of RD

Studies of individuals with and without reading difficulties suggest that phonologi-
cal decoding (PD), defined as the ability to translate sequences of printed letters into
the corresponding sounds, plays a central role in both normal and abnormal reading
development (e.g., Pennington, 2002; Wagner & Torgesen, 1987). The unique con-
tribution of PD to most cases of RD has been suggested by the presence of significant
group deficits in PD when older children with RD are compared to younger readers
without RD who are reading at the same level (Olson, 1985; Rack, Snowling, &
Olson, 1992). Moreover, twin studies have shown that there are strong genetic influ-
ences on the group deficitin PD (Gayan & Olson, 2001; Olson, Wise, Conners, Rack,
& Fulker, 1989) and that these genes also influence the group deficitin word reading
(Gayan & Olson, 2001; Olson, Forsberg, & Wise, 1994). Deficits in PD and word
reading are in turn linked to genetic influences on deficits in the oral language skill of
phoneme awareness, defined as the ability to recognize and manipulate the phone-
mic constituents of speech (Gayan & Olson, 2001; Olson et al., 1994). Problems
with phoneme awareness are regarded by many as the most proximal cause of most
cases of RD (cf. Wagner, Torgesen, & Rashotte, 1994).

Although deficits in groups with RD are most pronounced on measures of pho-
neme awareness and other facets of phonological processing, recent studies suggest
that individuals with RD also have weaknesses in several other neurocognitive do-
mains. These include difficulty accessing the orthographic representation of words
from the lexicon (Gayéan & Olson, 2001), weaknesses in other areas of speech and
language processing (e.g., Olson, 1994; Pisecco et al., 2001), slower verbal naming
speed (e.g., Compton, Olson, DeFries, & Pennington, 2002; Denckla & Rudel,
1976; Semrud-Clikeman, Guy, Griffin, & Hynd, 2000; Tannock, Martinussen, &
Frijters, 2000), and weaknesses in executive domains such as verbal working mem-
ory (e.g., Roodenrys, Koloski, & Grainger, 2001; Swanson, Mink, & Bocian, 1999;
Willcutt, Pennington, etal., 2001), set shifting (Weyandt, Rice, Linterman, Mitzlaff,
& Emert, 1998), planning (e.g., Klorman et al., 1999), and response inhibition (e.g.,
Purvis & Tannock, 2000; Willcutt, Pennington, et al., 2001).

Neuropsychological Profile of ADHD

A large body of research indicates that groups with ADHD differ significantly
from groups without ADHD on a variety of neurocognitive measures (see reviews
by Barkley, 1997a, 1997b; Nigg, 2000, 2001; Pennington, 2002; Pennington &
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Ozonoff, 1996). Based on similarities between ADHD symptoms and the behav-
ioral sequelae of frontal lobe injuries, several authors have proposed that ADHD is
attributable to a core deficit in some facet of executive functions (EFs), defined as
cognitive functions that serve to maintain an appropriate problem-solving set to at-
tain a future goal (e.g., Barkley, 1997a, 1997b; Pennington & Ozonoff, 1996).

Previous theorists have criticized the construct of EFs as weakly defined and
overly broad (e.g., Pennington, 1997). Because many putative EF tasks are rela-
tively nonspecific, poor performance on a specific task could be attributable to dif-
ficulties in any of several different aspects of the task. Moreover, definitions of EF
often include a wide range of tasks, many of which appear to require somewhat dif-
ferent aspects of neurocognitive functioning. The multifactorial nature of EF is
demonstrated by factor analyses of several batteries of putative EF measures
(Mariani & Barkley, 1997; Miyake, Friedman, Emerson, Witzki, & Howerter,
2000; Pennington, 1997; Willcutt, Pennington, et al., 2001). All of these studies
found that EF tasks tap more than one latent dimension of neurocognitive function-
ing. Although the specific factors varied somewhat among the studies, the overall
pattern of results suggests that EF tasks may comprise at least four domains: (a) re-
sponse inhibition, (b) working memory or updating, (c) set shifting or task switch-
ing, and (d) interference control.

Studies of children with a DSM-IV diagnosis of ADHD underscore the poten-
tial importance of the distinction between these different EF domains (Bedard et
al., 2003; Chhabildas et al., 2001; Hinshaw, Carte, Sami, Treuting, & Zupan, 2002;
Houghton et al., 1999; Klorman et al., 1999; Nigg, Blaskey, Huang-Pollock, &
Rappley, 2002; Rucklidge & Tannock, 2002; Schmitz et al., 2002). A recent
meta-analysis found that groups with DSM-IV ADHD performed significantly
worse than groups without ADHD on measures of EF domains, such as response
inhibition, planning or organization, and working memory, as well as measures of
domains with less of an executive component, such as processing speed, rapid
naming, and fine and gross motor skill (Willcutt et al., in press). In contrast, the
ADHD groups were not consistently impaired on measures of set shifting or inter-
ference control.

Although these studies suggest that ADHD is associated with significant weak-
nesses in several EF domains, these results challenge the hypothesis that any spe-
cific EF deficit is the core neurocognitive deficit in ADHD. The mean effect size
between groups with and without ADHD is moderate for each of the EF measures
(d = 04 - 0.6; Willcutt et al., in press), suggesting that none of these
neurocognitive weaknesses is a necessary or sufficient cause of ADHD. Moreover,
many of these studies did not assess important covariates, such as IQ and reading
achievement, leaving open the possibility that the EF deficits associated with
ADHD could be attributable to group differences in 1Q or to the association be-
tween ADHD and RD (Pennington & Ozonoff, 1996). Thus, in contrast to the con-
sistently strong relation between phonological processing weaknesses and RD, the
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neuropsychological profile of ADHD is not as well understood, and the core
neuropsychological deficit remains elusive.

USING NEUROPSYCHOLOGY TO UNDERSTAND
COMORBIDITY

To fully understand the neuropsychological correlates of RD and ADHD and the
etiology of comorbidity between the two disorders, groups with RD only, ADHD
only, and both RD and ADHD must be directly compared on the same measures.
The common etiology, phenocopy, cross-assortment, and cognitive subtype hy-
potheses each make several key predictions regarding the relations among the
groups on these measures.

Predictions of the Competing Hypotheses Regarding a
Double Dissociation Between RD and ADHD

A double dissociation occurs when two disorders are associated with opposite pat-
terns of impairment in two different cognitive domains. Because the phenocopy,
cross-assortment, and cognitive subtype hypotheses suggest that RD and ADHD
are caused by different etiological influences, all three models predict a significant
double dissociation between RD and ADHD. In contrast, although the common
genetic etiology hypothesis also predicts a double dissociation between RD and
ADHD for all measures that are not influenced by the common genetic effects, it
predicts that both the RD-only and ADHD-only groups will exhibit weaknesses in
any neuropsychological domains that are influenced by the common genes.

In the first study that used a full 2 x 2 (RD x ADHD) design to examine perfor-
mance on measures of EF and phonological processing, Pennington et al. (1993)
found a double dissociation between RD and ADHD. Specifically, the group with
ADHD alone was significantly impaired on EF measures but not on measures of
phonological processing, whereas the group with RD alone exhibited severe pho-
nological processing deficits but was not impaired on the EF measures. Subse-
quent studies generally supported this double dissociation, although several sug-
gested that RD may also be associated with mild deficits on at least a subset of EF
measures (e.g., Klorman et al., 1999; Nigg et al., 1998; Purvis & Tannock, 2000;
Rucklidge & Tannock, 2002; Shaywitz et al., 1995; Willcutt, Pennington, et al.,
2001). These mixed results provide some support for all four hypotheses, suggest-
ing that additional research is needed to better understand which neurocognitive
weaknesses are specific to RD or ADHD and which neurocognitive difficulties are
associated with both disorders.
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Predictions of the Competing Hypotheses Regarding the
Comorbid Group

Each competing hypothesis makes a different set of predictions regarding the
neuropsychological profile of the comorbid group in relation to the groups with RD
and ADHD alone. The phenocopy hypothesis suggests that one disorder often
causes the symptoms of the second disorder in the absence of the neurocognitive
weaknesses associated with the second disorder when it occurs alone. Therefore, it
predicts that the comorbid group will exhibit the same pattern of neuropsychological
deficits that are present in the group with the first disorder alone. The cognitive sub-
type hypothesis is less specific; it simply predicts a significant RD x ADHD interac-
tion on at least some measures, such that the neuropsychological deficits of the
comorbid group differ from the simple additive combination of the deficits associ-
ated with RD and ADHD when they occur alone. Because the common genetic etiol-
ogy and cross-assortment hypotheses each suggest that individuals with comorbid
RD+ADHD have the risk factors for both RD and ADHD, these models each predict
that the comorbid group will exhibit the neuropsychological weaknesses that are as-
sociated with each disorder when it occurs alone. In contrast, the common etiology
hypothesis predicts that all three clinical groups will exhibit weaknesses on at least
some of the same neuropsychological tasks, whereas the cross-assortment hypothe-
sis predicts that the comorbid group will exhibit the additive combination of the dis-
tinct neuropsychological weaknesses that are associated with RD and ADHD.
Initial results suggested that the comorbid group exhibited significant phonologi-
cal processing deficits in the absence of the EF deficits associated with ADHD when
it occurred in the absence of RD (Pennington et al., 1993), but most later studies
found that the comorbid group exhibited both the EF deficits associated with ADHD
and the phonological weaknesses associated with RD (e.g., Nigg et al., 1998;
Willcutt, Pennington, et al., 2001). Some recent studies have even suggested that
comorbid RD may be a marker for a group of children with ADHD with more severe
cognitive deficits (e.g., Purvis & Tannock, 2000; Seidman et al., 2001; Willcutt,
Pennington, et al., 2001). Taken together, these results provide minimal support for
the phenocopy hypothesis, but they suggest that additional research is needed to test
the common genetic etiology, cross-assortment, and cognitive subtype hypotheses.

THIS STUDY

An extensive battery of neuropsychological measures was administered to groups
with ADHD only, RD only, ADHD+RD, and neither ADHD nor RD. The sample
described in this article is completely independent from the sample used in our pre-
vious article (Willcutt, Pennington, et al., 2001). The primary goals of the study
were as follows:
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1. An exploratory factor analysis (EFA) of the neurocognitive battery was con-
ducted to examine the relations among the neuropsychological variables and sim-
plify interpretation. We predicted that the battery of EF measures would be best de-
scribed by two or more latent factors, rather than a single factor indicating that the
EF tasks tap a unitary construct.

2. The neuropsychological profile of groups with RD, ADHD, RD+ADHD,
and neither RD nor ADHD were compared to clarify the pattern of neurocognitive
weaknesses associated with RD and ADHD independent of the influence of the
other disorder. Based on previous research, it was predicted that RD would be as-
sociated with prominent weaknesses on all measures of component reading and
language skills, coupled with milder weaknesses on EF and processing speed
tasks. In contrast, we anticipated that ADHD would be associated with deficits on
EF and processing speed tasks that would be most pronounced on measures of re-
sponse inhibition, but that ADHD would not be independently associated with def-
icits on the reading and language measures.

3. To examine the etiology of comorbidity between RD and ADHD, the
neuropsychological profile of the three clinical groups was compared. Based on
our previous results and other findings in the literature, we predicted that the
comorbid group would exhibit the deficits associated with both RD and ADHD,
providing further evidence against the phenocopy and cognitive subtype hypothe-
ses as explanations for comorbidity between RD and ADHD.

4. By examining the extent to which each neuropsychological deficit was asso-
ciated with the three clinical groups, we tested the potential utility of these
neuropsychological measures as markers for the common genetic etiology of RD
and ADHD. Although we did not have strong a priori predictions for this analysis,
some previous studies reported promising results for measures of processing speed
(e.g., Rucklidge & Tannock, 2002).

5. Finally, a series of ancillary analyses were conducted to test if the pattern of
neuropsychological weaknesses varied as a function of ADHD subtype. Based on
initial results in this sample (Chhabildas et al., 2001), we did not anticipate any sig-
nificant differences between the inattentive and combined subtypes.

METHOD

Participants

Recruitment.  Participants completed the measures described in this article
as part of the Colorado Learning Disabilities Research Center (CLDRC) twin
study, an ongoing study of the etiology of learning disabilities, ADHD, and other
related disorders (e.g., DeFries et al., 1997; Willcutt, DeFries, et al., 2003). In col-
laboration with 22 local school districts, parents of all twins between the ages of 8
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and 18 were contacted by letter and invited to participate in the study. After initial
parental consent was obtained, two parallel recruitment procedures were con-
ducted independently to identify twin pairs in which at least one of the twins met
criteria for ADHD, or at least one of the twins exhibited significant reading diffi-
culties, as well as a comparison sample of twin pairs in which neither twin exhib-
ited either ADHD or reading difficulties.

To identify twin pairs in which at least one twin exhibited significant reading
difficulties, parental consent was requested to allow study staff to review each
twin’s academic records. If either member of a twin pair had a positive history of
learning difficulties (e.g., low achievement test scores, referral to a tutor, reports by
classroom teachers or school psychologists), both members of the pair were in-
vited to participate in the larger study. To identify twins with ADHD, parents and
teachers were asked to complete the Disruptive Behavior Rating Scale (Barkley &
Murphy, 1998) to assess symptoms of DSM-IV ADHD. If either of the twins met
criteria for any DSM-IV ADHD subtype based on parent or teacher ratings, the
twin pair was invited to participate. The comparison sample was composed of twin
pairs from the same school districts in which neither twin met screening criteria for
ADHD or reading difficulties. Approximately 35% of the families who were con-
tacted agreed to participate in the initial screening procedure, and 95% of the fami-
lies in the screening sample agreed to participate in the larger study if invited.

Exclusionary criteria. CLDRC staff conducted a telephone screening inter-
view prior to any testing. Because the focus of the overall project is on the etiology
and correlates of familial RD and ADHD, potential participants with a documented
brain injury, significant hearing or visual impairment, or other rare genetic or envi-
ronmental etiology (e.g., Fragile X syndrome, Down syndrome, or other sex chro-
mosome anomalies) were excluded from the sample. In addition, 3 participants were
excluded fromanalyses due to a Full Scale IQ (FSIQ) score below 75 on the Wechsler
Intelligence Scale for Children—Revised (WISC-R; Wechsler, 1974).

Diagnostic Measures and Operational Definition
of RD and ADHD

Assessment of RD. Academic achievement in reading and mathematics
was assessed with the Peabody Individual Achievement Test (PIAT; Dunn &
Markwardt, 1970). To simplify interpretation, a normally distributed reading com-
posite score was created based on a previous discriminant function analysis of the
PIAT Reading Recognition, Reading Comprehension, and Spelling subtests
(DeFries, 1985). A standard score 1.75 SDs below the estimated population mean
was used as the cutoff score for RD. This cutoff selects approximately 5% of the
control sample, consistent with the estimated population prevalence of RD (e.g.,
DSM-IV-TR). Participants were categorized as RD (n = 173) if they had a positive
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school history of reading problems and scored below this cutoff on the reading
discriminant function score.

Assessment of ADHD. The Disruptive Behavior Rating Scale (DBRS;
Barkley & Murphy, 1998) was used to obtain parent and teacher ratings of the 18
symptoms of DSM-IV ADHD. Each symptom on the DBRS is rated on a 4-point
scale (never or rarely, sometimes, often, and very often). Items rated as often or
very often were scored as positive symptoms, and items rated as never or rarely or
sometimes were scored as negative symptoms, consistent with the procedure used
in previous studies of similar rating scales (e.g., Pelham, Gnagy, Greenslade, &
Milich, 1992). Previous results from this sample and others indicate that parent
and teacher ratings on the DBRS and other similar scales are internally consistent
(a=0.92-0.96) and have adequate-to-high test-retest reliability (» = .59-.89; e.g.,
DuPaul, Power, Anastopoulos, & Reid, 1998; Willcutt, Chhabildas, et al., 2001).

The algorithm from the DSM-IV field trials for the disruptive behavior disor-
ders was used to combine parent and teacher ratings of ADHD symptoms
(Lahey et al., 1994). This procedure codes each symptom as positive if it is en-
dorsed by either the parent or the teacher. Consistent with DSM-IV criteria, chil-
dren were categorized as ADHD only if symptoms were present prior to age 7
and only if these symptoms caused significant functional impairment. Individ-
uals with six or more symptoms of inattention but fewer than six symptoms of
hyperactivity—impulsivity were coded as predominantly inattentive type, partici-
pants with six or more symptoms of hyperactivity—impulsivity but fewer than six
symptoms of inattention were categorized as predominantly hyperactive—impul-
sive type, and individuals with six or more symptoms on both dimensions were
coded as combined type.

A total of 190 participants met criteria for DSM-IV ADHD. Consistent with
other community samples (e.g., DuPaul et al., 1998; Gaub & Carlson, 1997), the
majority of participants who met symptom criteria for DSM—IV ADHD met crite-
ria for the inattentive type (n = 115), and most of the remaining participants met
symptom criteria for the combined type (n = 62). Only 13 participants met criteria
for the hyperactive—impulsive type. Results from our sample and others call into
question the validity of the hyperactive—impulsive type in school-age children
(Willcutt et al., in press) and suggest that this subtype is not consistently associated
with the neuropsychological weaknesses that characterize the inattentive and com-
bined types (e.g., Chhabildas et al., 2001; Schmitz et al., 2002). In light of these re-
sults and the small number of individuals with the hyperactive—impulsive type, in-
dividuals in this group were excluded from the analyses described in this article.

Assignment to groups. The use of twins for phenotypic analyses in which
each twin is considered as an individual data point presents a methodological diffi-
culty, as the scores of the twins in each pair do not represent fully independent ob-
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servations. Therefore, one twin was selected at random from each twin pair in
which both twins met inclusion criteria for one of the four groups. Results were
virtually identical when analyses were repeated in a sample in which the selected
twin was replaced by the co-twin that was excluded from the first set of analyses,
suggesting that the random selection of one twin from each of these pairs did not
inadvertently bias the results. A dummy code for zygosity was included in all ini-
tial models to control for any differences between participants from MZ and DZ
pairs, but this code was dropped from all final models because it had no significant
impact on any result.

Individuals were assigned to groups based on the criteria for RD and ADHD
described previously. After selecting one twin randomly from each pair in which
both twins met criteria for one of the four groups, the total sample included 109
individuals with RD only, 113 participants with ADHD only, 64 participants
with both RD and ADHD, and 151 participants with neither RD nor ADHD. Ap-
proximately 37% of the individuals with either RD or ADHD also met criteria
for the other disorder, a rate of comorbidity that is consistent with previous re-
sults in an independent subset of our sample (e.g., Willcutt & Pennington, 2000,
Willcutt, Pennington, et al., 2001) and in samples from other studies (e.g.,
Semrud-Clikeman et al., 1992). The rate of comorbid RD was similar in groups
with the DSM-IV inattentive type (39.1%) and combined type (33.9%). Simi-
larly, other recent studies that found that the means of the inattentive and com-
bined types were not significantly different on a variety of measures of reading
achievement (e.g., Carlson, Booth, Shin, & Canu, 2002; Faraone, Biederman,
Weber, & Russell, 1998; Hinshaw, 2002; Nigg et al., 2002; Todd et al., 2002).

Descriptive characteristics of the groups. The mean age of the four groups
was not significantly different (Table 1). In contrast, the mean socioeconomic status
(SES) as measured by the Hollingshead (1975) two-factor inventory was signifi-
cantly lower in all three clinical groups than in the comparison group. The mean
WISC-R Verbal, Performance, and FSIQ scores of the three clinical groups also fell
significantly below the mean of the comparison group.

As expected, based on the way the sample was defined, the mean number of
ADHD symptoms was higher for the ADHD and RD+ADHD groups than for the
RD and comparison groups, and the RD and RD+ADHD groups had lower means
on the reading and spelling measures than did the ADHD and comparison groups
(Table 1). In addition, in comparison to the group without RD or ADHD, the group
with ADHD alone scored significantly lower on the measures of reading and spell-
ing achievement, and the group with RD alone exhibited significantly more symp-
toms of inattention. These results suggest that at least a subset of individuals with
ADHD or RD alone exhibit subclinical manifestations of the other disorder even
though they do not meet full criteria for the other diagnosis.
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Procedures

The WISC-R, PIAT, and measures of component reading and language skills were
administered in two initial testing sessions completed at the University of Colo-
rado Department of Psychology and Institute for Behavioral Genetics. The EF and
processing speed tasks were completed during a third session scheduled approxi-
mately 1 month later at the University of Denver Department of Psychology. The
order of the tests was counterbalanced in each of the testing sessions. Each session
lasted approximately 2.5 hr, and frequent breaks were provided to minimize fa-
tigue and maximize motivation.

All measures at both sites were administered by trained examiners who had pre-
vious experience working with children. All examiners were unaware of the diag-
nostic status of the child and the results of the testing conducted at the other sites.
Parents of participants who were taking psychostimulant medication were asked to
withhold medication for 24 hr prior to each session of the study to minimize the in-
fluence of this intervention on the results. This included 32 children in the
ADHD-only group (29.2%), 22 children in the RD+ADHD group (31.3%), 5 chil-
dren in the RD-only group (4.6%), and 1 child in the comparison group (0.7%).

NEUROPSYCHOLOGICAL MEASURES

The neuropsychological battery was selected to include measures that have been
shown to be most strongly associated with RD or ADHD in previous studies. Partici-
pants completed measures of several component reading and language skills that
strongly predict individual differences in reading ability. Based on previous studies
of ADHD, the battery includes tasks that tap several different domains of EF, as well
as measures of other domains that may not have as strong an EF component, such as
processing speed and response variability. In this section we first provide an over-
view of each measure, then we describe the results of an initial EFA conducted to
simplify interpretation of group differences on the tasks in the battery.

Measures of Component Reading and Language Skills

Previous studies have shown that groups with RD score significantly lower than
groups without RD on measures of phoneme awareness and PD (e.g., Gayian &
Olson, 2001), and both RD and ADHD are associated with lower scores on mea-
sures of orthographic coding (e.g., Willcutt, DeFries, et al., 2003). Therefore, five
measures of these constructs were included in these analyses.

Phoneme awareness. The Pig-Latin test (Olson et al., 1989) requires the
participant to transform words into their pig latin equivalent. The participant is told
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the rules for transforming the words (e.g., move the initial phoneme to the end of
the word, and add the long a sound) and completes nine practice words read by the
examiner. The test trials then require the participant to transform words read by the
examiner into their equivalent in pig latin. The primary dependent variable is a
weighted percentage correct on the 45 test items, such that participants receive the
maximum score for following the first-phoneme rule described in the instructions
(e.g., read-thay for thread), but they also receive partial credit if they follow a
first-letter (hread-tay) or onset (ead-thray) strategy.

The Phoneme Deletion task (Olson et al., 1994) is based on the Bruce (1964)
phoneme-deletion task and the Rosner and Simon (1971) auditory-analysis task.
On each of the 68 trials, participants hear a word or pronouncable nonword, which
they are asked to repeat (e.g., say plig). They are then asked to say the nonword
again after removing a specified phoneme (e.g., say plig without the 7). If done
correctly, the result is a word (e.g., after dropping the /, plig becomes pig). The pri-
mary dependent variable is the percentage of correct trials.

The Lindamood Auditory Conceptualization Test (LAC, Lindamood & Linda-
mood, 1971) uses colored blocks to represent phonemes and requires the partici-
pant to add, remove, or transpose blocks to reflect changes in nonwords spoken by
the examiner. For example, the participant might be shown three different colored
blocks in a row and told: “If this says aps, show me asp.” The correct response
would then be to exchange the position of the second and third blocks. The primary
dependent variable is the LAC total score.

Phonological decoding. The Oral Nonword Reading task (Olson et al.,
1994) requires the participant to read aloud 45 one-syllable and 40 two-syllable
nonwords. The nonwords are presented on the computer one at a time and response
latency is measured with a voice key. Responses are recorded for subsequent anal-
yses of errors. The dependent variable is a composite of the response latency and
accuracy scores that is standardized based on the mean and standard deviation of
the comparison group in the overall CLDRC sample. Test-retest reliability of the
composite score is .86 (Olson et al., 1994).

Orthographic coding. The Lexical Decision by Orthography (Olson et al.,
1994) task requires participants to distinguish words from nonword letter strings
that are identical in sound when pronounced (e.g., rain-rane). Because both letter
strings sound the same, phonetic codes cannot be used to identify the real word. In-
stead, the participant must match the orthographic patterns of the target to the vi-
sual representation of the word in their lexicon. The task includes 80 trials pre-
sented on a computer; the trials are a mixture of relatively easy items (e.g., car—kat)
and more complex items (e.g., pavement—pavemant). To ensure that subjects must
make use of word-specific knowledge rather than general information about ortho-
graphic structure, items are balanced to ensure that the distracter item is a plausible
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string. The total percentage correct is the dependent variable (split-half » = .93;
Olson et al., 1994).

Measures of EF and Related Neurocognitive Domains

Response execution—inhibition. The stop-signal task (e.g., Logan, Scha-
char, & Tannock, 1997; Schachar, Mota, Logan, Tannock, & Klim, 2000) is a com-
puterized measure of inhibitory control that was developed based on the dual-pro-
cess model of inhibition proposed by Logan and colleagues (e.g., Logan, 1994;
Logan et al., 1997). On primary task trials, the letters X or O are presented in the
center of the monitor, and the participant responds by pressing the corresponding
key on the keyboard. On stop-signal trials the same visual stimulus appears, but an
auditory tone is also presented shortly after the X or the O appears on the screen.
The participant is instructed to press the X or O key as rapidly as possible for each
trial, but is also told to inhibit the key press on each of the trials on which the tone is
presented. The version of the task administered as part of this battery uses an itera-
tive tracking procedure such that the delay between the presentation of the visual
stimulus and the onset of the stop signal changes after every trial with a stop signal
(e.g.,Loganetal., 1997). By increasing the stop-signal delay by 50 msec if the par-
ticipant is able to inhibit and decreasing the delay by 50 msec if the participant is
unable to inhibit, this procedure converges on the stop-signal delay at which the
participant fails to inhibit on 50% of the trials.

Stop-signal reaction time (SSRT) is the primary measure of inhibition on the
stop-signal task. SSRT is estimated by subtracting the mean stop-signal delay from
the mean reaction time on the primary task trials. Based on procedures used in
other studies of the stop-signal task (e.g., Rucklidge & Tannock, 2002; Schachar et
al., 2000), participants were excluded if they inhibited on fewer than 13% or more
than 85% of the stop trials or if their SSRT was below 50 msec (2 individuals from
the comparison group, 4 individuals from the RD-only group, 5 individuals from
the ADHD-only group, 2 individuals from the RD+ADHD group). In addition to
SSRT, mean reaction time and variability (standard deviation) of reaction time on
the Go trials (trials without a stop signal) were also recorded for each participant to
test whether ADHD or RD is associated with slower or more variable response
speed. SSRT and reaction time variability consistently discriminate groups with
and without ADHD (e.g., Chhabildas et al., 2001; Nigg, 1999; Oosterlaan & Ser-
geant, 1998; Schachar et al., 2000).

The Gordon Diagnostic System (Gordon, 1983) is a standardized continuous
performance test (CPT) that assesses the ability to sustain attention and inhibit in-
appropriate responses during an extended visual task. On both the Vigilance and
Distractibility subtests a single-digit number is presented in the center of the dis-
play once per second for 9 min, with target stimuli occurring 45 times during each
subtest. On the Vigilance subtest the participant must press a specified button only
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after a correct sequence of two digits (/ followed by 9) and then inhibit their re-
sponse to all other sequences. The primary task on the Distractibility subtest is
similar, but additional numbers are also presented on either side of the target stimu-
lus. The participant is told to attend only to numbers in the center column and to ig-
nore the other two columns. The primary dependent variables are errors of com-
mission and omission. Both error types have been shown to discriminate groups
with and without ADHD in previous studies (e.g., Chhabildas et al., 2001).

Set shifting. The Wisconsin Card Sorting Test (WCST; Heaton, 1981) re-
quires the individual to sort 128 cards to match either the color, form, or number of
shapes on four target cards. After each trial on the examiner-administered WCST,
the participant is provided with verbal feedback indicating whether the response is
correct or incorrect. After the participant correctly sorts 10 consecutive cards (e.g.,
matching to the color of the shapes on the target cards), the rule changes so that the
sorting rule is based on one of the other properties of the target stimulus. There-
fore, WCST performance depends on the ability to maintain a rule in memory and
appropriately shift set to a new rule when presented with feedback that the previ-
ous rule is no longer correct. The primary dependent variable for this study was to-
tal perseverative errors, defined as errors that adhere to the previous sorting rule or
to an incorrect sorting rule generated by the participant.

The WCST was included in the battery because it discriminates adults with
prefrontal cortex damage from adults with lesions in other brain regions (Heaton,
1981). However, many previous studies suggest that WCST scores do not discrimi-
nate groups with and without ADHD as well as other EF measures (e.g., Penning-
ton & Ozonoff, 1996; Willcutt, Pennington, et al., 2001), and the reliability of the
WCST appears to be somewhat lower than that of the other tasks in our battery (r =
.30-.61; Pennington, Bennetto, McAleer, & Roberts, 1995).

The Trailmaking Test (e.g., Reitan & Wolfson, 1985) assesses both process-
ing speed and ability to shift cognitive set. Previous studies suggest that groups
with ADHD perform significantly worse than groups without ADHD on this
task (e.g., Chhabildas et al., 2001; Nigg et al., 2002). Part A of the task requires
the participant to connect a series of circles containing numbers in ascending or-
der. In part B each circle contains either a number or a letter. The participant is
again instructed to connect the circles in ascending order, but now he or she
must alternate between numbers and letters (i.e., 1, A, 2, B, 3, C, ... ). There-
fore, part B requires the individual to maintain his or her place in both the alpha-
betical and numerical series while simultaneously remembering whether a let-
ter or number should be next in the series. The primary dependent measure
for this study was total time to complete each part of the task. Previous studies
have reported high alternate-form reliability (» = .89-.92; Charter, Adkins,
Alekoumbides, & Seacat, 1987) and adequate test—retest reliability (r = .66—.86;
Goldstein & Watson, 1989) for these scores.
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Verbal working memory. The Sentence Span task is a working memory
measure that was adapted by Siegel and Ryan (1989) from the procedure devel-
oped by Daneman and Carpenter (1980). The participant is instructed to provide
the last word for a set of simple sentences read by the examiner (e.g., “I throw the
ball up and then it comes. ... ”) and is told that he or she will be asked to reproduce
the words that he or she provided after all sentences in that set have been com-
pleted. The task begins with a block of three two-sentence sets and increases in dif-
ficulty by adding one additional sentence per block up to a total of six sentences.
The dependent measure is the number of sets completed correctly. This measure
has adequate internal reliability (for the composite score, & = 0.76) and test—retest
reliability (» = .71; Kuntsi, Stevenson, Oosterlaan, & Sonuga-Barke, 2001).

The Counting Span task (Case, Kurland, & Goldberg, 1982) is a second mea-
sure of verbal working memory that uses a procedure similar to the Sentence Span
task. The participant is instructed to count aloud the number of yellow dots dis-
persed randomly on a set of 8 %2 x 11-in. cards. After all cards in a set are com-
pleted, the participant is asked to recall, in temporal order, the number of yellow
dots that appeared on each of the cards in the set. Similar to the Sentence Span task,
there are five blocks with three sets per block (2—6 cards per set). The dependent
variable is the total number of correct sets (o = 0.81, test—retest » = .67; Kuntsi,
Stevenson, et al., 2001).

The WISC-R Arithmetic subtest (Wechsler, 1974) requires the participant to
solve a series of verbally presented arithmetic problems without using a pencil and
paper. To solve each problem correctly, the participant must retain and manipulate
in memory the information provided by the examiner. Therefore, in addition to as-
sessing basic math computation abilities, this task provides another measure of
verbal working memory. The split-half reliability of the Arithmetic subtestis.77.

The first half of the WISC-R Digit Span subtest (Wechsler, 1974) is a simple
short-term verbal memory task. The examiner reads a series of digits that increases
in length with each trial, and the participant repeats the digits verbatim. The second
half of the task is similar, with the exception that the participant must now repeat
the digits in the reverse of the order in which they were presented by the examiner.
Because the digits must be retained in memory and manipulated to reverse their or-
der, the digits backward component of the Digit Span task is frequently interpreted
as a verbal working memory task (e.g., Rucklidge & Tannock, 2002).

Spatial working memory. The Cambridge Neuropsychological Test Auto-
mated Battery (CANTAB) includes a self-ordered spatial working memory test
that requires the participant to press the computer touch-screen to find tokens hid-
den under some of several boxes displayed on the screen. Prior to beginning the
task, the participant is told that after each token is found it will never again appear
under the same box during that trial. Therefore, to perform the task in the most effi-
cient manner the participants must remember which squares they have chosen and
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inhibit responses to these locations. This task has been shown to activate both dor-
sal and ventral prefrontal regions (Owen, Doyon, Petrides, & Evans, 1996) and is
similar to the self-ordered pointing task that has been shown to be sensitive to fron-
tal lesions in adults (Petrides & Milner, 1982). Total errors is the primary depend-
ent variable.

Naming speed—interference control. The Stroop Color and Word Test
(Golden, 1978) measures the participant’s ability to respond selectively to one di-
mension of a multidimensional stimulus. On each of the three trials of the Stroop
the participant completes as many of the stimuli as possible within 45 sec. The
Word trial requires the participant to read the names of colors (red, blue, and green)
printed in black ink. On the subsequent Color trial the participant is asked to name
the color of nonlinguistic colored patches of red, blue, and green ink. Finally, the
stimuli for the Color—Word trial are the words red, blue, and green printed in a dif-
ferent color of ink, and the participant is told to name the color of the ink of each
item (and therefore not to read the word). The three trials of the Stroop are hypoth-
esized to assess reading speed, color-naming speed, and interference control.
However, although a low number of positive responses on the Color—Word trial
could indicate a specific deficit in interference control, a low score on this trial
could also reflect a more general deficit in naming speed that cuts across all three
trials of the task. Therefore, an interference-control score was operationalized for
each participant by subtracting their mean z score on the Word and Color trials
from their z score on the Color—Word trial.

Processing speed. The WISC-R Coding subtest (Wechsler, 1974) and
Wechsler Intelligence Scale-Third Edition (WISC-III) Symbol Search subtest
(Wechsler, 1991) are more specific measures of processing speed that have been
shown to be associated with ADHD in previous studies (e.g., Chhabildasetal.,2001;
Hinshaw et al., 2002; Rucklidge & Tannock, 2002). Studies of the psychometric
characteristics of the WISC—R and WISC-III indicate that these subtests have ade-
quate reliability (test—retest 7 = .72 for WISC—R Coding and .74 for WISC-III Sym-
bol Search) but correlate relatively modestly with FSIQ (Wechsler, 1974, 1991),
suggesting that they may tap aspects of processing speed that are at least partially in-
dependent of general intelligence.

The Coding subtest requires the participant to rapidly copy symbols associated
with specific digits based on a key provided at the top of the page. Although
Coding is typically described as a measure of processing speed (e.g., Wechsler,
1991), optimal performance also requires short-term recall of the symbol—digit
pairings and adequate fine motor skills. The dependent measure is the total number
of correct items after 2 min.

The Symbol Search subtest (Wechsler, 1991) requires the participant to match a
symbol to an identical target that is displayed among several distracter stimuli that
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share some physical features. The dependent measure is the number of correct
items minus the number of incorrect items completed before the 2-min time limit.

DATA ANALYSES

Data Adjustments

As expected, correlational analyses revealed that performance on all neuropsy-
chological variables improved as a linear function of age (p < .01 for all mea-
sures). Therefore, to control for the influence of age on any of the results, an
age-adjusted score was created for each measure by regressing the variable onto
age and age squared and then saving the residual score. The distribution of each
age-adjusted variable was then assessed for outliers prior to any additional anal-
yses. Outliers were defined as scores that fell more than 3 SDs from the mean of
the overall sample and more than 0.5 SD beyond the next most extreme score.
After confirming that these outlying scores were entered correctly in the data
file, each outlier was adjusted to a score 0.5 SD units beyond the next highest
score, with multiple outliers rescored to 0.1 SD apart. Adjustments were made to
Trails A time for one individual in the comparison group, to Trails B time for
one individual in the comparison group, two individuals in the RD-only group,
and 1 participant in the RD+ADHD group, and to CPT commission errors for 2
individuals in the RD-only group, 3 participants in the ADHD-only group, and 3
participants in the RD+ADHD group. After these adjustments, the distribution
of each variable was assessed for significant deviation from normality. A loga-
rithmic transformation was implemented to approximate a normal distribution
for variables with skewness or kurtosis greater than 1 (Trails A and B, CPT com-
missions and omissions, and WCST Perseverative errors).

Factor Analysis of the Neurocognitive Measures

As noted previously, results from several studies suggest that this battery of
neuropsychological measures may reflect more than one latent dimension of
neurocognitive functioning (e.g., Mariani & Barkley, 1997; Miyake et al., 2000;
Pennington, 1997; Willcutt, Pennington, et al., 2001). Therefore, after data-clean-
ing procedures were completed, an EFA was conducted to clarify the relations
among the tasks.

Principal axis extraction and direct oblimin rotation were used to extract factors
with eigenvalues greater than one. The direct oblimin rotation was used because it
is an oblique rotation that permits the obtained factors to correlate and, therefore,
requires fewer a priori assumptions about the relations among the variables than
does an orthogonal method of rotation. However, the same number of factors and
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similar factor loadings were obtained when a principal components analysis with
varimax rotation was conducted, suggesting that these results are robust across dif-
ferent methods of factor extraction and rotation.

The Stroop interference-control score and mean reaction time on primary
stop-signal task trials (trials without a stop signal) did not load above .30 on any
obtained factor when they were included in the initial factor analysis. Therefore,
these two measures were dropped from the final factor analysis summarized in Ta-
ble 2. Results revealed five factors with eigenvalues greater than one; these factors
were labeled Reading and Language Skills, Processing Speed, Verbal Working
Memory, Set Shifting, and Response Inhibition—Execution. All five reading and
language component processes loaded on the first factor, measures of verbal nam-
ing speed and general processing speed loaded on the second factor, all measures
of verbal short-term and working memory loaded together on the third factor, and
the measures of response inhibition (CPT commission errors and SSRT) and re-
sponse execution (CPT omission errors and Go trial reaction time) loaded together
on the fifth factor.

The CANTAB spatial working memory task loaded primarily on the set-shift-
ing factor rather than the verbal working memory factor. This may be due to the
fact that in addition to the working memory demands of the task, it also requires
the individual to shift set to avoid responding to a stimulus that was previously
rewarded (i.e., to avoid going back to the same box in which a reward previously
appeared). The tasks on the set-shifting factor also may load together because
they require more extensive visual processing than many of the other tasks in the
battery.

Primary Analyses

Due to the relatively high number of comparisons necessary to examine the perfor-
mance of the four groups on the extensive battery of neuropsychological measures,
an alpha of .01 was adopted as the threshold for statistical significance, and p val-
ues between .05 and .01 are described as marginally significant. To test for a dou-
ble dissociation between RD and ADHD on each of the neuropsychological mea-
sures, a 2 x 2 (RD x ADHD) factorial analysis of variance (ANOVA) was
conducted for each individual cognitive measure and each of the five factor scores.
If the initial ANOVA revealed a significant main effect of RD or ADHD or a signif-
icant RD x ADHD interaction, planned post hoc comparisons were conducted
among the four groups with a Bonferroni correction for multiple comparisons.

Implications of group differences in intelligence. The DSM-IV criteria
for RD specify that reading achievement scores must fall significantly below both
the score typical of other children the same age and the score that would be ex-
pected based on the individual’s overall cognitive ability. However, a growing
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number of studies indicate that the same etiological factors and neurocognitive
deficits are associated with RD, with and without an IQ discrepancy, suggesting
that the inclusion of an IQ discrepancy as a diagnostic criterion adds little to the ex-
ternal validity of the diagnosis of RD (e.g., Pennington, Gilger, Olson, & DeFries,
1992; Siegel, 1989).

Nonetheless, the mean FSIQ scores of groups with and without RD are nearly
always significantly different even when RD is defined by an age-discrepancy cri-
terion alone (e.g., Rucklidge & Tannock, 2002), and the mean FSIQ of groups with
DSM-1V ADHD typically falls 0.75 — 1.0 SD below the mean of a comparison
group without ADHD (e.g., Chhabildas et al., 2001; Hinshaw, 2002; Lahey et al.,
1998; Nigg et al., 2002). Therefore, it is often unclear whether neuropsychological
weaknesses are associated with RD or ADHD per se or are attributable to these sig-
nificant group differences in intelligence. Similarly, because few previous studies
have controlled for internalizing and externalizing symptoms that frequently
co-occur with RD and ADHD, it is also not clear whether the neurocognitive corre-
lates of RD and ADHD may be attributable in part to these comorbid symptoms.

Based on the significant associations between RD and ADHD and these poten-
tial confounding variables, some researchers argue that FSIQ and symptoms of
comorbid disorders should always be statistically controlled to ensure that neuro-
psychological impairments associated with RD or ADHD cannot be explained
more parsimoniously by group differences on these correlated variables (e.g.,
Lahey et al., 1998; Werry, Elkind, & Reeves, 1987). On the other hand, ADHD
symptoms or reading difficulties may directly cause a child to perform poorly on
standardized tests of intelligence (e.g., Barkley, 1997a) or may precipitate the de-
velopment of these comorbid disorders. In these cases, it would not be appropriate
to control for these variables, as this would remove variance that is associated with
ADHD or RD.

These issues have not been resolved conclusively, and the optimal approach is
likely to vary depending on the specific research question. Therefore, with the ex-
ception of the exclusion of participants with FSIQ scores below 75 from all analy-
ses, neither IQ nor symptoms of comorbid mental disorders were considered in the
diagnostic algorithms used to define the groups. Instead, we directly tested if the
relations between RD and ADHD, and the neuropsychological measures are ex-
plained by group differences in intelligence or comorbid symptomatology.

The WISC-R (Wechsler, 1974) was used to assess the FSIQ of participants 16
years of age or younger, and the Wechsler Adult Intelligence Scale—Revised
(WAIS-R; Wechsler, 1981) was administered to participants who were 17 or 18
years of age. The Diagnostic and Statistical Manual of Mental Disorders (3rd ed.,
rev. [DSM-III-R]; American Psychiatric Association, 1987) parent-report version
of the Diagnostic Interview for Children and Adolescents (DICA-P; Reich &
Welner, 1988) was administered to parents to assess symptoms of oppositional de-
fiant disorder, conduct disorder, generalized anxiety disorder, and major depres-
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sive disorder. If initial analyses revealed a significant main effect of RD or ADHD
on a variable, a parallel analysis of covariance (ANCOVA) was conducted with
FSIQ, symptoms of other disorders, SES included as dimensional covariates, and
sex included as a dichotomous categorical covariate. Because comorbid symptom-
atology, SES, and sex did not change the significance of the primary independent
variables for any neurocognitive measure, these variables were dropped from the
final models described in this article.

Dimensional analyses. Comparisonsamong the group means testifindivid-
uals whomeetcriteria for ADHD or RD exhibit neuropsychological weaknesses that
areindependent of the influence of the other categorical diagnosis. However, a grow-
ing body of research suggests that categorical diagnostic cutoffs for RD and ADHD
artificially dichotomize what may be a continuous dimension of liability (e.g.,
Barkley, 1998; DeFries & Alarcon, 1996; Levy et al., 1997; Willcutt et al., 2000a).
Consistent with this hypothesis, the RD-only group exhibited a higher number of
symptoms of ADHD than the comparison group, and the group with ADHD alone
scored significantly lower than the comparison group on measures of reading
achievement. Therefore, any neurocognitive weaknesses attributed to RD or ADHD
could potentially be explained by subclinical elevations of the other disorder rather
than by the primary disorder per se (e.g., Nigg et al., 1998). To test this possibility, a
series of multiple-regression analyses were conducted in which the score on each
neurocognitive measure was regressed onto the continuous-reading discriminant
function score and the total number of DSM-IV inattention and hyperactiv-
ity—impulsivity symptoms.

DSM-1V ADHD subtypes. To examine differences between the inattentive
and combined types, comparisons among the four groups were conducted when
the ADHD and RD+ADHD groups included only those individuals who met crite-
ria for the inattentive type (i.e., comparison group vs. RD-only vs. inattentive
type-only vs. RD+inattentive type), then repeated with only the individuals who
met criteria for the combined type. Consistent with our previous analyses of this
sample (Chhabildas et al., 2001), the pattern of results was virtually identical for
the two subtypes. Therefore, to simplify interpretation both subtype groups were
included in a single group with ADHD for the analyses described in this article.

RESULTS

Table 3 presents the unadjusted means of the four groups on each neuropsy-
chological measure and the five factor scores. Results revealed a significant main
effect of RD for all measures except WCST perseverative errors and Stroop inter-
ference control. Similarly, the ADHD main effect was significant for most individ-
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ual measures and all five factor scores. RD x ADHD interactions were not signifi-
cant for any variable, and the comorbid group was at least as impaired as the
RD-only and ADHD-only groups on all measures in the battery. Because no inter-
actions were significant, interaction terms were dropped from all final models.

The overall pattern of results suggests that RD and ADHD are both associated
with weaknesses on most measures in the battery of neurocognitive tasks. On the
other hand, post hoc comparisons among the four groups and the relative size of the
RD and ADHD main effects revealed important differences between the neuropsy-
chological correlates of the two disorders. Both groups with RD scored significantly
lower than the ADHD-only group on all measures of component reading and lan-
guage skills, and the effect sizes were much larger for the main effect of RD (e.g., for
the Reading and Language skills factor score, % = 0.441) than the main effect of
ADHD (52 = 0.046). Similarly, the mean of the RD-only group was significantly
lower than the mean of the ADHD-only group on five of the six verbal working mem-
ory tasks, and the RD effect size for the Verbal Working Memory factor score was
again substantially larger (for the factor score, 72=0.268) than the ADHD effect size
(n2=0.071). In contrast, the two groups differed on only one processing speed mea-
sure and none of the set-shifting measures, and the RD and ADHD effect sizes were
similar for the Processing Speed factor (RD 2= 0.108, ADHD 52 =0.099) and the
Set-shifting factor (RD 7% =0.058, ADHD 52 =0.042). Results for the measures on
the Response Inhibition—Execution factor were somewhat less consistent; although
the means of the RD-only and ADHD-only groups were significantly different on
only one measure (Go trial reaction time from the stop-signal task), the mean of the
RD-only group also fell in the direction of greater impairment on the other four mea-
sures, and the effect size for the factor score was somewhat larger for RD (42=0.208)
than for ADHD (5% = 0.113).

Group Comparisons Controlling FSIQ

Because FSIQ was significantly related to scores on all measures, a series of 2 x
2 (RD x ADHD) ANCOVAs were conducted to test if RD or ADHD was signifi-
cantly associated with performance on each task after controlling for FSIQ dif-
ferences among the groups (last column of Table 3). The main effect of RD re-
mained significant for all measures except the set-shifting tasks, suggesting that
most of the neurocognitive difficulties associated with RD are not explained by
group differences in FSIQ. The significant ADHD main effect on the set-shifting
measures was also eliminated when FSIQ was controlled, as were the main ef-
fects on several of the reading, language, and verbal working memory measures.
In contrast, the main effect of ADHD remained significant for the orthographic
coding task, counting span, and all measures of processing speed and response
execution—inhibition.
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Multiple-Regression Analyses

When FSIQ was not included in the model, the reading discriminant function score
was associated with significantly lower scores on all neuropsychological measures
with the exception of Stroop interference control (Table 4). When FSIQ was added
to the model the association with reading performance remained significant for
measures of component reading and language skills, verbal working memory,
most measures of processing speed, and SSRT and reaction time variability on the
stop-signal task. In contrast, reading performance was no longer significantly as-
sociated with the set-shifting measures or CPT commission errors, suggesting that
the relation between RD and these variables may be mediated by the association
between reading and FSIQ.

The multiple-regression analyses indicated that the neuropsychological weak-
nesses associated with DSM-IV ADHD are primarily attributable to elevations of
inattention symptoms rather than hyperactivity—impulsivity symptoms. Inatten-
tion was significantly associated with lower scores on all measures of processing
speed, as well as lower scores on the other four factors and a subset of the measures
in each of these domains. Interestingly, although the inattention symptom count
was not significantly associated with SSRT, SSRT increased significantly as a
function of the total number of ADHD symptoms (i.e., the sum of inattention and
hyperactivity—impulsivity), suggesting that the combined effects of inattention
and hyperactivity—impulsivity may lead to inhibitory difficulties on this measure.
When FSIQ was added to each model, all associations that were significant in the
initial model remained significant with the exception of spatial working memory
and WCST perseverative errors, providing further evidence that the association be-
tween ADHD and set shifting may be explained more parsimoniously by the asso-
ciation between inattention symptoms and intelligence.

DISCUSSION

This study compared the neurocognitive correlates of RD and ADHD in a large
population-based sample of twins. The primary goal of the study was to clarify the
nature of the relation between RD and ADHD by testing whether these neuropsy-
chological functions were associated with RD, ADHD, or both disorders, and to
identify shared neuropsychological deficits that might provide useful endophen-
otypes for molecular genetic studies of the etiology of comorbidity between RD
and ADHD.

An initial EFA of the neurocognitive tasks revealed five latent dimensions,
which were labeled Reading and Language Skills, Processing Speed, Verbal
Working Memory, Set-Shifting, and Response Inhibition—Execution. The last
three factors suggest that EF tasks reflect more than one latent dimension of
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neurocognitive functioning, a result that is consistent with previous studies
(Mariani & Barkley, 1997; Miyake et al., 2000; Pennington, 1997; Willcutt,
Pennington, et al., 2001).

Neurocognitive Correlates of ADHD

These results provide additional support for the hypothesis that ADHD is associated
with a significant weakness inresponse inhibition (e.g., Barkley, 1997a; Nigg, 2000,
2001; Schachar et al., 2000). Categorical comparisons between groups with and
without ADHD and multiple-regression analyses of continuous data indicated that
ADHD was associated with slower SSRT and an elevated rate of commission errors
on the CPT. Moreover, the ADHD main effect was larger for the factor composed of
the measures of response inhibition and execution than for the other four factors.

In addition to weaknesses on measures of response inhibition, ADHD was asso-
ciated with significantly lower scores on the orthographic coding task, and this
weakness remained significant even after comorbid RD and group differences in
FSIQ were controlled. The ADHD groups also performed more poorly on a subset
of the verbal working memory tasks, were slower on most measures of processing
speed, and exhibited significantly more variable reaction times on the simple
forced-choice primary task trials of the stop-signal task. The slower and more vari-
able response speed in the ADHD groups suggests that children with ADHD may
have difficulty sustaining sufficient cognitive activation, a finding that is consistent
with the predictions of the cognitive-energetics model (e.g., Sergeant, 2000; Ser-
geant, Oosterlaan, & van der Meere, 1999).

Taken together, these results support the hypothesis that ADHD is associated
with a deficit in response inhibition (e.g., Barkley, 1997a), but suggest that addi-
tional weaknesses in both EF and non-EF domains are also important facets of
the neuropsychology of ADHD. Moreover, our battery did not include measures
of planning, delay aversion, or motor output, all of which have been shown to be
associated with ADHD in previous studies (e.g., Aman, Roberts, & Pennington,
1998; Mariani & Barkley, 1997; Douglas, 1999; Solanto et al., 2001;
Sonuga-Barke, Taylor, Sembi, & Smith, 1992; Weyandt & Willis, 1994). Future
studies are needed that administer a comprehensive battery of EF measures
along with measures of each of these domains to a single sample of participants
with ADHD. Such studies will clarify the relations among these measures and
will facilitate a direct test of the relative importance of each of these domains as
part of the overall neuropsychology of ADHD.

Neurocognitive Correlates of RD

As expected, based on previous studies (Gayéan & Olson, 2001; Olson et al., 1989,
1994; Rack et al., 1992; Willcutt, Pennington, et al., 2001), the groups with RD ex-
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hibited a marked weakness on all measures of component reading and language
skills (RD vs. control effect size: d = 1.55-2.30; Cohen, 1988). These results pro-
vide further support for the hypothesis that difficulties with phonological process-
ing and related language skills play a critical role in the etiology of RD. In addition
to the predicted deficits on the measures of reading and language processes, the
RD groups exhibited significant impairment on several EF and processing speed
tasks. These weaknesses were most pronounced on measures of processing speed
and verbal working memory, but they were also significant for measures of re-
sponse inhibition such as SSRT and CPT commission errors.

The finding that RD is associated with slower processing speed and shorter verbal
working memory span replicates other recent studies that used the same or similar
measures (e.g., Purvis & Tannock, 2000; Roodenrys et al., 2001; Rucklidge &
Tannock, 2002; Willcutt, Pennington, et al., 2001) and is consistent with studies that
used more specific measures of processing speed such as rapid automatized naming
(e.g., Compton et al., 2002; Felton, Wood, Brown, Campbell, & Harter, 1987;
Rucklidge & Tannock, 2002; Semrud-Clikeman et al., 2000). In contrast, previous
studies of the relation between RD and response inhibition are less consistent.
Whereas Purvis and Tannock (2000) reported a significant association between RD
and SSRT, two other studies failed to find this association (Rucklidge & Tannock,
2002; Willcutt, Pennington, et al., 2001). However, Willcutt, Pennington, et al.
(2001) reported that the association between RD and SSRT was significant if FSIQ
was not controlled, and the effect size for the mean difference between the RD and
comparison group was moderate (d = 0.5) in the study by Rucklidge and Tannock
(2002), suggesting that this difference might be significant in alarger sample (n=12
individuals with RD in this study). In combination, these findings suggest that addi-
tional research is needed to test definitively if RD is associated with mild deficits on
response inhibition tasks and, if so, whether these deficits reflect the same underly-
ing processes that lead to disinhibition in individuals with ADHD.

Implications for Comorbidity Between RD and ADHD

The two groups with RD exhibited significantly larger weaknesses on the mea-
sures of component reading and language skills than the group with ADHD. Simi-
larly, although both RD and ADHD were associated with verbal working memory
difficulties, these weaknesses were more consistent and severe in the two groups
with RD. In contrast, the RD-only and ADHD-only groups did not differ on the re-
sponse inhibition, processing speed, or set-shifting measures. Thus, whereas com-
parisons among the four groups reveal a clear dissociation between the groups with
and without RD on the measures of reading and language skills, none of the
neuropsychological tasks were associated specifically with ADHD. In contrast to
previous findings that revealed a double dissociation between RD and ADHD on
measures of phonological processing versus EFs (e.g., Pennington et al., 1993;
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Willcutt, Pennington, et al., 2001), these results suggest that this dissociation may
not be complete.

The profile of the RD+ADHD group is consistent with the additive combina-
tion of the deficits of the RD-only and ADHD-only groups, and the RD+ADHD
group did not exhibit a specific weakness on any measures that were not impaired
in at least one of the other two groups. This pattern of results replicates the findings
in an earlier independent sample from the CLDRC (Willcutt, Pennington, et al.,
2001) and in studies conducted by several other groups (e.g., Dykman &
Ackerman, 1991; Klorman et al., 1999; Nigg et al., 1998; Purvis & Tannock, 2000;
Seidman et al., 2001). In contrast, these results appear to fail to replicate the find-
ing that the comorbid group is most impaired on measures of letter and color nam-
ing (Rucklidge & Tannock, 2002). However, two caveats suggest that additional
research is needed to provide a definitive test of this hypothesis. First, our study did
not include measures of rapid automatized naming, and these tasks revealed the
largest effects in the study by Rucklidge and Tannock. Second, although the mean
of the RD+ADHD group was not significantly different from the mean of the RD
group on any measure of naming speed, the mean of the comorbid group was
nearly always in the direction of greater impairment on these tasks and the other
measures that loaded on the processing speed factor.

In summary, these results suggest that the double dissociation between RD
and ADHD is not complete, and they indicate that the neuropsychological weak-
nesses exhibited by the comorbid group reflect the additive combination of the
deficits associated with RD and ADHD alone. The failure to find a clean double
dissociation between RD and ADHD is inconsistent with the cross-assortment
hypothesis, and recent data from family studies provide additional converging
evidence to reject this model as an explanation for most cases of comorbid
RD+ADHD (Doyle et al., 2001; Friedman et al., 2003). The absence of any sig-
nificant RD x ADHD interactions in this sample and several other recent studies
(e.g., Rucklidge & Tannock, 2002; Seidman et al., 2001; Willcutt, Pennington, et
al., 2001) provide strong converging evidence that the phenocopy hypothesis can
be rejected as the primary explanation for comorbidity between RD and ADHD.
This result also argues against the cognitive subtype hypothesis, although the
possibility remains that the RD+ADHD group could exhibit a unique neuropsy-
chological weakness on a measure that was not included in our battery.

As noted previously, the most parsimonious model of a common genetic eti-
ology for RD and ADHD would include a common risk allele or set of risk al-
leles at one or more genetic loci that influence a common pathophysiological
pathway that increases susceptibility to both RD and ADHD. In this model all
three clinical groups (i.e., RD, ADHD, and RD+ADHD) should be characterized
by at least some common neuropsychological weaknesses, with each individ-
ual’s final phenotype determined by the other genetic and environmental influ-
ences that affect that individual. In this study the groups with RD only, ADHD
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only, and RD+ADHD all exhibited deficits in comparison to the group without
RD or ADHD on most measures of response inhibition and processing speed, as
well as a subset of the measures of verbal working memory and reading and lan-
guage skills. Therefore, although this study cannot definitively rule out all other
explanations for comorbidity (e.g., Neale & Kendler, 1995), this pattern of re-
sults is consistent with the predictions of the common etiology hypothesis.

What is the Common Underlying Deficit in RD and ADHD?

If the common genetic etiology hypothesis is correct, it may be possible to identify
a neuropsychological marker, or endophenotype, that reflects the common genetic
risk for RD and ADHD. Measures of this neurocognitive weakness could then be
used to facilitate molecular genetic studies of RD, ADHD, and their comorbidity.
Therefore, in the next section we assess the strengths and weaknesses of the mea-
sures in our battery as potential endophenotypes for future studies attempting to
find the common genes that influence RD and ADHD.

Because phoneme awareness deficits are not present in ADHD and set-shifting
deficits are not associated with either disorder when FSIQ is controlled, these tasks
can be rejected as the common neurocognitive deficit in RD and ADHD. The ver-
bal working memory tasks and the response inhibition tasks are also less compel-
ling candidates for the common deficit because the relations between ADHD and
working memory and RD and inhibition are relatively weak and inconsistent in
this study and others (e.g., Kuntsi, Oosterlaan, & Stevenson, 2001; Purvis &
Tannock, 2000; Rucklidge & Tannock, 2002; Swanson et al., 1999).

In an intriguing result that we did not anticipate, both RD and ADHD were as-
sociated with deficits on the orthographic coding measure. The ADHD main effect
was larger for this measure than for any of the executive or processing speed mea-
sures, and our previous results revealed that the evidence of bivariate linkage with
ADHD was stronger for orthographic coding than for any other measure in our bat-
tery of component reading and language skills (Willcutt et al., 2002; Willcutt,
DeFries, et al., 2003). Due to the multiple-choice format of the orthographic cod-
ing task, the underpinnings of the association between ADHD and difficulties on
this task are not clear. For example, the ADHD deficit may reflect a true deficit in
the ability to access the orthographic representation of a word in the lexicon, or it
could simply indicate that the multiple-choice format of the test leads to more fre-
quent impulsive incorrect responses in the ADHD group. In either case, additional
research is warranted to test if this result can be replicated in other samples and
with other measures of orthographic coding, and to examine whether the poor per-
formance of individuals with RD versus ADHD is attributable to dysfunction in
the same underlying processes.

Processing speed is the most promising candidate in our battery for a neuropsy-
chological deficit that is common to RD and ADHD. All three clinical groups
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scored lower than the comparison group on all measures of processing speed and
reaction time variability, the effect size versus the comparison group was large for
all three groups (e.g., d = 0.87-1.06 for the factor score), and each of these differ-
ences remained significant when FSIQ was controlled. Moreover, other studies
have reported similar group differences on some or all of these measures, as well as
more specific aspects of processing speed such as speeded naming of letters, num-
bers, colors, and objects (e.g., Hinshaw et al., 2002; Houghton et al., 1999; Nigg et
al., 2002; Rucklidge & Tannock, 2002; Semrud-Clikeman et al., 2000). These
promising results suggest that processing speed may be a worthwhile focus for fu-
ture research on the neuropsychological correlates of RD and ADHD.

Perhaps the greatest weakness of processing speed as a candidate neuropsy-
chological endophenotype returns full circle to our initial discussion of EFs at the
beginning of this article: Similar to the construct of EFs, the construct of process-
ing speed is overly broad and weakly defined. Previous studies have used both ver-
bal and nonverbal measures that varied from little or no executive component to a
large working memory load (e.g., shifting set or updating working memory while
completing a task as quickly as possible). Therefore, future research is needed to
clarify the definition of processing speed and the taxonomy of processing speed
tasks by examining the correlations among different measures and comparing and
contrasting the relation between these measures and different clinical groups. It
will be essential for future studies to consider carefully the component processes
that are involved in each task and to develop methods to test whether poor task per-
formance reflects the same underlying dysfunction across development and in
groups with RD, ADHD, or other developmental disorders.

Limitations and Future Directions

These results should be interpreted in light of several limitations. Due to the time
constraints of the overall study, DSM-IV ADHD was defined by parent and teacher
ratings on the DBRS rather than a full structured diagnostic interview. Although all
participants who were included in the ADHD groups were required to meet full
DSM-IV criteria for ADHD, the possibility remains that the use of rating scales
rather than a full structured interview to assess symptoms of ADHD could influ-
ence the results. To test this possibility, the parents of 30 children with ADHD and
30 children without ADHD based on the DBRS also completed the DSM-IV ver-
sion of the DICA (Reich, Welner, & Herjanic, 1997). The concordance between di-
agnoses derived from the DBRS and the DICA-IV was extremely high (97%
agreement; k = 0.93), suggesting that these methods yield similar results.
Although previous studies have found few significant differences between
twins and nontwins (e.g., Plomin, DeFries, McClearn, & Rutter, 1997), the use of
twins for phenotypic comparisons may limit the generalization of these findings to
the population at large. In addition, because the CLDRC twin project has been on-
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going for nearly 20 years, older versions of the WISC and the PIAT than those cur-
rently available have been maintained to allow comparisons to be made across the
entire sample. Finally, due to time constraints some EF constructs were assessed
by a single measure (e.g., spatial working memory). Therefore, results based on
these measures should be interpreted with caution, and it would be useful for future
studies to administer multiple measures of all key neuropsychological domains to
facilitate the creation of more reliable measures of each latent construct.

CONCLUSIONS

Groups with and without RD and ADHD were compared on an extensive battery
of measures of EFs, processing speed, and component reading and language
skills. Results indicate that both disorders are associated with weaknesses in
multiple neuropsychological domains. Deficits in phonological processing were
only present in the RD groups, whereas no deficits were uniquely associated
with ADHD. The neuropsychological profile of the comorbid group was consis-
tent with the additive combination of the weaknesses identified in the groups
with RD and ADHD alone, suggesting that the phenocopy and cognitive subtype
hypotheses are not likely to explain comorbidity between RD and ADHD in this
sample. Instead, these results are most consistent with the predictions of the
common genetic etiology hypothesis and suggest that slow and variable process-
ing speed may be a promising endophenotype for future linkage and association
studies of RD and ADHD.
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