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Abstract

Evaluating the External Validity of DSM-IV ADHD Subtypes and
an Alternative Diagnostic Subtyping System
By Kelly M. Harrington

Heterogeneity within the attention-deficit/hyperactivity disorder (ADHD) diagnosislikely accounts for
some inconsigent findingsin molecular genetic studies of ADHD. The present dissertation evaluated
whether an aternative comorbid ADHD phenotype increases the external validity over and above the
extant DSM-IV diagnostic subtypes by identifying more homogeneous conditions genetically and with
regard to sex, age, and overlapping disorders. The sample included 372 children (ages 5 — 18) who were
recruited as part of an ongoing study on the genetics of ADHD. Probands, their siblings, and parents were
genotyped for a variable number of tandem repeats (VNTR) in exon 3 of the dopamine D4 receptor gene
(DRD4) and an insertion / deletion polymorphism in the promoter region of the serotonin transporter gene
(5-HTTLPR). Planned comparisons reveal ed that the Combined subtype is characterized by a higher
proportion of males, lower mean age, and higher symptom levels of oppositional defiant and conduct
disorders, depression, and anxiety disorders compared with the Inattentive or Hyperactive-lmpulsive
subtypes. Genetic associ ation anal yses suggested that the DRD4 7-repeat aleleis more strongly related to
the Combined and Inattentive subtypes than the Hyperactive-lmpulgve subtype, whereasthe 5-HTTLPR
long alleleismore strongly related to the Inattentive subtype compared with the other two subtypes.
Furthermore, there was evidence suggesting that co-occurring symptoms of conduct disorder (CD)
moderated the ADHD-DRDA4 relation, such that the association between ADHD and DRD4 was stronger in
children with both ADHD and devated CD symptoms. There was al so evidence of a moderating influence
of co-occurring symptoms of anxiety, whereby the association between ADHD and 5-HTTLPR was
stronger in children with higher levels of anxiety. In contrast, there was no significant evidence of
association between the overall ADHD diagnosis and the DRD4 7-repeat allele or the 5-HTTLPR long
allele. These findings suggest that when testing a phenotypically heterogeneous condition such as ADHD,
undertaking subgroup analyses (i.e., examining either diagnostic subtypes or comorbid subgroups of
ADHD) or incorporating continuous measures of overlapping psychopathol ogy as moderators can be a
useful strategy for enhancing external validity and our ability to detect genetic associations that might be

otherwise obscured.



Evaluating the External Validity of DSM-IVV ADHD Subtypes and
an Alternative Diagnostic Subtyping System

By

Kelly M. Harrington
B.S., Cornell University, 1999
M.A., Emory University, 2004

Advisor: Irwin Waldman, Ph.D.

A dissertation submitted to the Faculty of the Graduate School of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in Psychology
2008



Acknowledgements
| would first like to thank to my advisor, Irwin Waldman, for his important contributions,
insights, and guidance throughout this project. | would also like to thank the other
members of my committee, Stephan Hamann, Scott Lilienfeld, Donna Maney, and Elaine
Walker, for the helpful suggestions they offered during the development and completion
of this project. Finally, | would like to express my heartfelt gratitude towards my
husband, parents, sister, and close friends for the tremendous support they provided
throughout the process of completing my dissertation. | am particularly indebted to my
husband, Daniel Tribuiani, for the unwavering encouragement, patience, and

understanding he provided for the duration of my graduate training.



Table of Contents
GeNEral INETOTUCTION. .. ... e et e e e e e e e e e e e e

Paper 1. Evaluating the External Validity and Distinctiveness of DSM-IV
Attention-Deficit/Hyperactivity Disorder Subtypes.................coeenie.

INEFOAUCHION. .. ..o e e e e e e e
MELNOD. ... e e
DS ol S Lo o P
REFEIENCES. .. ..

Paper 2: Reexamining the Associations of DRD4 and 5-HTT with ADHD
Using an Alternative Comorbid ADHD Phenotype..............c.coeeeenn.

INEFOAUCHION. .. ..o e e e e e
MELNOM. ... e
DISCUSSION. .. .t ettt e et e e e e e e et e ee e et e eaeaen s
REFEIENCES. .. ..

GENErAl DISCUSSION. . . ettt e e e e e e e e e e e e e e

REf I ONCES. .. oo

15

16

26

33

38

46

59

65

66

81

89

96

107

123

130

147

164



List of Tables

Paper 1
Table Page
1 Sample Demographic Characteristics and Mean ADHD Symptom Levels

for ADHD Subtypes and Normal Controls..............ccoveviiiiiiiiin i eenn.n.59
2 A Priori Orthogonal Contrasts for Comparing DSM-1V ADHD Subtypes......... 60
3 Contrasts among the DSM-IV ADHD Subtypes on Gender Ratios and

T I o PP PEPUPRPRIN o X
4  Contrasts among the DSM-1V ADHD Subtypes on Essential and Overlapping

SYMPLOM SCAIES. .. .. e et e e e a2 .02
5 Testsof Association among DSM-1V ADHD Subtypes and DRD4 and 5-HTT...63
Paper 2
Table Page
1 Demographic Characteristics and Mean Symptom Levels for ADHD

Diagnostic Subtypes and a Nondisordered Sample...................coeeeennll 123
2 A Priori Orthogonal Contrasts for Comparing DSM-1V ADHD Subtypes....... 124
3 Correlations among Symptom Dimensions Comprising the ODD/CD,

Distress, and Fear Composite Variables.............cccooviiii 0125
4 Moderating Effects of Co-occurring Conditions on the Association between

ADHD and DRD4 and 5-HTTLPR........c.ooiiiiiiiiiiiici e 126
5 Comparison of DSM-IV ADHD Subtypes versus ADHD Comorbid

Conditionsin their ASSoCiatioN WIth DRDA..........ene i e, 127



Comparison of DSM-1V ADHD Subtypes versus ADHD Comorbid
Conditions in their Association With 5-HTTLPR...........cooiiiiiiiii 128
Differences in Gender Composition and Mean Age for ADHD Comorbid

(000] 870 [1 (0] 1 ST §2° |



List of Appendices
Appendix Page

Alternate Genotyping Protocol for DRD4 and 5-HTT...........covviiieiiiinnenn.... 164



General Introduction

Attention-deficit/hyperactivity disorder (ADHD) isregarded asthe most prevalent
and widely researched mental disorder of childhood, affecting roughly 3-7 % of school-age
children (American Psychiatric Association [APA], 2000). The cardinal features of ADHD
include inattention, hyperactivity, and impulsivity, though there has been considerable debate
concerning the classification of the core deficit(s) associated with this disorder. The current
operationalization of ADHD includes two distinct, but correlated symptom dimensions (viz.,
inattention and hyperactivity-impulsivity), each consisting of 9 symptoms (APA, 2000).
Specifically, the inattentive symptoms described in the DSVI-1V (Diagnogtic and Statistical
Manual of Mental Disorders, 4" Ed.) include “often has difficulty sustaining attention in
tasks or play activities’ and “often failsto give close attention to details or makes careless
mistakes’ (APA, 2000). The hyperactive-impulsive symptoms include “often fidgets with
hands or feet” and “often has difficulty awaiting turn” (APA, 2000).

Children with ADHD are also at heightened risk for several negative sequelae,
including decreased educational attainment, lower income, underemployment, and impaired
social relationships (Greene et al., 2001; Mannuzzaet d., 1993), aswell aslegal difficulties
and substance abuse, largely owing to the frequent overlap between ADHD and conduct
disorder (CD) (Biederman et al., 2003; Foley, Carlton, & Howell, 1996). The nature of
ADHD symptoms aso places individuals a higher risk for motor vehicle accidents, traffic
citations, and severe injuries (Barkley et al., 1996; DiScalaet al., 1998; Nada-Raja et al.,
1997). Given the seriousness of the adverse outcomes associated with ADHD, a solid
understanding of its etiology is paramount for improving the prevention and treatment of this

impairing condition. Furthermore, accurate and valid characterization of the ADHD



phenotype is crucial before quantitative and molecular genetic methods can be maximally
utilized to uncover the genetic and environmental risk factorsthat give rise to ADHD
(Lahey et al., 2004).
Brief Historical Overview of ADHD Taxonomy

The taxonomic history of ADHD has been marked by controversy regarding the best
way to define and classify this disorder. Since it was originally described as “Hyperkinetic
Reaction of Childhood” inthe DSMI-I1 (APA, 1968), the conceptualization of ADHD has
varied considerably. The criteria presented in DSM-I11 (APA, 1980) congtituted the first
contemporary definition of ADHD and represented a major conceptual shift froma
unidimensional classification system to a multidimensional classification system. The DSMI-
[11 introduced the diagnogtic term “ Attention Deficit Disorder” (ADD) and proposed two
subtypes of ADD to delineate children who displayed symptoms of inattention, impulsivity,
and hyperactivity (ADD/H) from children whose symptom presentation included inattention
and impulsivity in the absence of hyperactivity (ADD/WO) (Lahey, Schaughency, Strauss, &
Frame, 1984). Inthe next revision of the ADHD taxonomy (i.e,, DSM-II1-R[APA, 1987)),
the diagnostic subtypes were eliminated and replaced by a unidimensional approach to
ADHD. Thekey features of DSM-I11-R ADHD included inattention, impulsivity, and
hyperactivity, but no essential characteristics were designated (i.e., any combination of eight
or more symptom criteriawere sufficient for the diagnosis). The shift from the three-
dimensional DSMI-111 definition to the single dimension DSM-111-R definition was met with
controversy and stimulated extensive research on the taxonomic structure of ADD symptoms

(e.g., the number of symptom dimensions that underlie the disorder).



An influential paper by Lahey et al. (1988) demongtrated via factor analytic methods
that atwo-factor solution provided a more accurate and parsimonious model of ADHD than
the three-factor model implied in DSMI-111. Lahey et a.’ s factor analyses yielded one factor
composed of inattention and disorganization symptoms and a second factor consisting of
motor hyperactivity and impulsivity symptoms. Subsequent empirical and clinical evidence
provided support for amultidimensional model (for reviews, see Lahey & Carlson, 1991,
Lahey, Carlson, & Frick, 1997) and led to the reinstatement of a subtyping system for ADHD
in DSM-IV (APA, 1994, 2000). Inthe current DSM-1V nomenclature, the definition of
ADHD includes three subtypes— the Predominantly Inattentive type (1T), the Predominantly
Hyperactive-lmpulsive type (HT), and the Combined type (CT)—characterized by
surpassing thresholds on inattentive and/or hyperactive-impulsive symptom dimensions.
Validity of the DSM-IV ADHD Diagnosis

In addition to ongoing debate regarding how to best classify ADHD, some critics
have further challenged whether ADHD istruly avalid disorder that requires medical
treatment (e.g., Baughman, 2001; McCubbin & Cohen, 1997). In arecent review, Faraone
(2005) evaluated whether ADHD isin fact avalid diagnostic category by applying Robins
and Guze' s (1970) seminal criteriafor establishing the validity of a psychiatric diagnosis.
Robins and Guze' s validational criteriawere based on the fundamental concept that the
validity of any diagnosis must derive from empirical research demongtrating the diagnosis is
distinguishable from other diagnoses and shows well-defined clinical correlates, a
characterigtic course and outcome, evidence of heritability from family and genetic studies,

digtinct neurobiological correlates, and a characteristic response to treatment. Faraone's



review of extant empirical studies revealed compelling evidence that ADHD fulfills all of
these criteriafor avalid diagnostic category (albeit to varying degrees).

Although there is ample evidence to support the notion that ADHD isavalid
psychiatric disorder overall, there nevertheless have been conflicting findings among studies
with respect to understanding its epidemiology, etiology, and treatment (Faraone, 2005).
Notably, molecular genetic studies of ADHD represent one such domain wherein thereisa
mixed picture of positive and negative findings, aswill be discussed below. Additionally,
there have been relatively few tests of external validity conducted on the DSMI-1V
nomenclature for childhood disorders, including ADHD (Lahey et a., 2008). Moreover,
evidence supporting the distinct validity of the DSM-1V ADHD subtypes is particularly
scant (for recent reviews, see Woo & Rey, 2005; Baeyens, Roeyers, & Walle, 2006).
Nonetheless, some important differences between the ADHD subtypes have been
documented (e.g., in prevalence, mean age, gender ratios, and rates of co-occurring
conditions) that to some researchers are suggestive of distinct underlying pathology and
etiologies, and these have been summarized in arecent qualitative review (Milich, Ballentine,
& Lynam, 2001).

To briefly summarize, significant changes in the classification of ADHD can be
largely attributed to ongoing debate concerning the core deficit(s) associated with this
childhood disorder, as well as whether ADHD and its components are best
conceptualized as one or more symptom dimensions or diagnostic categories (Carlson &
Mann, 2002; Lahey & Willcutt, 2002). Despite intense taxonomic study of ADHD, there
IS ongoing debate among researchers with respect to the best way to classify and diagnose

this prevalent childhood disorder. Specifically, the alternative possibilities include



whether ADHD should be conceptualized as a) a unitary disorder, b) a unitary disorder
with subtypes, or ¢) multiple distinct disorders. Thus, thereisclearly aneed for further
external validation studies of DSM-IV ADHD, aswell as its congtituent diagnostic subtypes
and symptom dimensions.

Genetic Influences of ADHD

Evidence from twin, family, and adoption studies suggests that substantial genetic
influences contribute to ADHD, with heritability estimates ranging from 60 to 90%
(Waldman & Rhee, 2002). It is noteworthy that these heritability estimates have shown
considerable consistency across studies, regardless of whether ADHD is defined as a
discrete diagnostic category or in terms of the continuous inattentive and hyperactive-
impulsive symptom dimensions (e.g., Goodman & Stevenson, 1989; Levy et al., 1997).
Given strong evidence of genetic influences from quantitative genetic studies, the search
for specific susceptibility genes for ADHD would seem to hold great promise.
Unfortunately, the fact that ADHD is a genetically complex disorder, like most
psychiatric disorders, has significantly complicated this search (Faraone & Biederman,
1998; Kendler, 2005).

Considering the range of complexities involved in the genetic influences
underlying complex traits and disorders (e.g., multiple predisposing genes, genetic
heterogeneity, risk alleles with high allele frequencies), it appears that there are a
multitude of susceptibility genes implicated in their underlying causes, each contributing
only asmall fraction of the overall risk for the disorder. Indeed, there exists a general
consensus among researchers that the etiology of ADHD is polygenic (i.e., caused by the

combined effects of three or more genetic loci and environmental influences), whereby



the effects of a single gene are neither necessary nor sufficient for the development of the
disorder (Farone & Khan, 2006; Plomin & Crabbe, 2000). These complex inheritance
patterns pose considerable challenges when conducting molecular genetic research, and
help explain the difficulties in replicating initial significant findings, as well as the small
effect sizes (i.e., each gene accounts for less than 5% of the variance associated with a
disorder of interest) that are typically observed in candidate gene studies of ADHD
(Waldman & Gizer, 2006). Importantly, this pattern of inconsistent findings is not unique
to ADHD, rather it is characteristic for candidate gene studies of all psychiatric and
complex medical disorders (loannidis, Ntzani, Trikalinos, & Contopulos-lonannidis,
2001).
Candidate Gene Studies of ADHD

Molecular genetic studies of ADHD have typically utilized a candidate gene
approach to identify the specific genes related to the etiology of this disorder (Mick &
Faraone, 2008). In well-designed candidate gene studies, the location, function, and
etiological relevance of candidate genes are most often known or strongly hypothesized a
priori, thus allowing for atargeted test of the role of specific genes in the etiology of the
disorder of interest. Genes are selected based on the known or hypothesized involvement
of their gene product in the etiology of the trait or disorder, such as its pathophysiological
function and etiological relevance (Alsobrook & Pauls, 1998; Waldman & Gizer, 2006).
Regarding ADHD, the majority of molecular genetic studies have concentrated on
candidate genes underlying various aspects of the dopaminergic, and to alesser extent the
serotonergic and noradrenergic, neurotransmitter pathway on the basis of mounting

evidence suggesting these neurotransmitter systems are involved in the etiology and



pathophysiology of ADHD (Waldman & Gizer, 2006). Despite the perennial difficulty of
nonreplication in the field of psychiatric genetics, several candidate genes have shown
evidence of replicable associations with ADHD, including the dopamine transporter gene
(DAT1), the dopamine D4 and D5 receptor genes (DRD4 and DRDS5, respectively), and
the serotonin transporter gene (5-HTT) (Faraone & Khan, 2006).

A polymorphism is a sequence of DNA that has more than one form (or alele),
each with afrequency of at least 1% in the general population (Speer, 1998).
Polymorphisms are the source of genetic variation that result in individual differences,
and as such, are of central interest in molecular genetic studies. The current study utilizes
two types of polymorphisms to test for genetic association between two candidate genes
and ADHD, namely a variable number of tandem repeats (VNTR) polymorphism in exon
3 of DRD4 and an insertion / deletion polymorphism in the promoter region of 5-HTT. A
VNTR is apolymorphism classified by the length of a sequence consisting of varying
numbers of repeats of a DNA sequence (e.g., 2-repeat vs. 4-repedt vs. 7-repeat)
(Alsobrook & Pauls, 1998). As its name suggests, an insertion / deletion polymorphism
involves the insertion or deletion of DNA into an existing sequence (Speer, 1998). The 5-
HTT promoter polymorphism is characterized by a 44-base pair insertion or deletion
involving repeat elements 6 to 8, resulting in two common alleles that differ in length by
44-base pairs (Hells et al., 1996).

Meta-analysis is an increasingly common approach for resolving inconsistent
findings across candidate gene studies, allowing an evaluation of the overall strength of
evidence for association as well as formal tests for possible evidence of publication bias

(Munafo & Flint, 2004). For example, the association between DRD4 and ADHD has



been examined in numerous independent studies, yielding both positive and negative
findings. Notably, the results of 3 recent meta-analyses (Faraone, Doyle, Mick, &
Biederman, 2001, Faraone et a., 2005; Maher, Marazita, Ferrell, & Vanyukov, 2002)
demonstrated overall strong support for a significant association between the 7-repeat
alele of DRD4 and ADHD, with pooled odds ratios (OR) ranging from 1.4 - 1.9 for case-
control studies and from 1.2 — 1.4 for within-family studies (an OR of 1.0 indicates no
association). Similarly, studies of the association between the long allele of 5-HTT and
ADHD have revealed mixed results. Nonetheless, arecent meta-analysis by Faraone et al.
(2005) showed a weak positive association between the long allele of the 5-HTT
promoter polymorphism and ADHD, with a pooled OR of 1.3. In summary, DRD4 and
5-HTT were selected for study in this dissertation based on evidence for 1) their
replicable associations with ADHD, 2) the functional relevance of each genein the
pathophysiology of ADHD, and 3) initial support for differentiable patterns of association
among the diagnostic subtypes. The rationale for selecting DRD4 and 5-HTT will be
reviewed in further detail in the individual papers comprising the dissertation.
Relation between ADHD and Common Co-occurring Childhood Disorders

The presence of high rates of psychiatric comorbidity in children with ADHD poses
an additional challenge to the existing classification system and has complicated the
diagnosis and treatment of this disorder (reviewed in Jensen, Martin, & Cantwell, 1997;
Willcutt, Pennington, Chhabildas, Friedman, & Alexander, 1999). The common co-
occurrence of ADHD, oppositional defiant disorder (ODD), and conduct disorder (CD) has
been consigtently reported in epidemiological aswell as clinical samples, with an estimated

30 - 45% of children diagnosed with ADHD also having concurrent ODD and 20% having



concurrent CD (Acogta, Arcos-Burgos, & Muenke, 2004; Biederman, Newcorn, & Sprich,
1991). Findings from both family and twin studies suggest that much of this overlap among
externalizing disorders can be attributed to a common genetic etiology (e.g., Coolidge,
Thede, & Y oung, 2000; Dick, Viken, Kaprio, Pulkkinen, & Rose, 2005; Nadder, Silberg,
Eaves, Maes, & Meyer, 1998; Silberg et al., 1996). Infact, some investigators have found
that the genetic correlation between ODD and CD is sufficiently high to argue that these
symptoms are part of ajoint construct (e.g., Eaves et a., 2000; Nadder, Rutter, Silberg, Maes,
& Eaves, 2002), though other studies have provided evidence for the distinction between
ODD and CD (e.g., Burnset a., 1997; Loeber, Lahey, & Thomas, 1991; Waldman, Rhee,
Levy, & Hay, 2001).

In contrast to the well documented co-occurrence of childhood externalizing
disorders (ADHD, ODD, and CD), the co-occurrence of internalizing disorders
(depression and anxiety) in children with ADHD has been less recognized and
understudied. Nonetheless, both clinical and epidemiological studies have shown that
children with ADHD also frequently experience co-occurring symptoms of anxiety and
depressive disorders. Many studies of ADHD have shown rates of comorbid anxiety
disordersto be as high as 25% (Schatz & Rogtain, 2006), whereas the estimated
prevalence of depressive disorders in children diagnosed with ADHD ranges from 10 -
20% (Biederman et a., 1991).

Approaches to I dentifying Homogeneous Phenotypes within the ADHD Diagnosis
The search for specific susceptibility genes underlying ADHD may be further
complicated by phenotypic heterogeneity within the ADHD diagnosis. More specifically,

diagnogtic or phenotypic heterogeneity may represent another source of discrepancy across



10

candidate gene studies of ADHD. A number of investigators have described ADHD asa
heterogeneous condition, with regard to its variability in the presentation of core symptoms,
itsclinical correlates (e.g., demographic characterigtics, rates of comorbidity, outcome), and
arguably its etiology (Faraone et al., 1995; Hechtman, 1999; Jensen et al., 1997; Newcorn et
al., 2001; Todd, 2000). Despite increasing recognition that the phenotypic heterogeneity
within ADHD may compromise the validity of this diagnosis, the majority of molecular
genetic studies have investigated the relation between a gene of interest and the
categorical ADHD diagnosis (Kirley et al., 2004). Thus, tests of association conducted
using a single categorical diagnosis of ADHD might mask a significant effect if the
candidate gene is associated only with certain aspects of the ADHD phenotype (e.g., a
particular diagnostic subtype or comorbid subgroup).

The process of identifying more clinically homogeneous subgroups within the overall
ADHD diagnosis plausibly would aid in the search for specific etiologies of, and the
development of more specific treatment approaches for, such subgroups. 1deally, the
process of refining phenotypes should strengthen our ability to detect associations and
linkages between genes of interest and complex traits and disorders. An obvious point of
departure for investigating the extent of heterogeneity within this disorder isto examine the
external validity and distinctiveness of the DSM-1V defined ADHD subtypes.

Accordingly, the first paper of this dissertation serves as an informative test of the
external validity and distinctiveness of the ADHD subtypes as currently classified in the
DSM-1V. External validity refers to the generalizability of research findings across
groups. Similar to Robins and Guze' s (1970) criteria for establishing a valid psychiatric

disorder, Hinshaw (2001) described external validity as the differentiation of putatively
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distinct syndromes or clusters on the basis of criteriathat are removed from the
symptoms themselves, such as etiological factors, family history, key correlates,
pathophysiology, developmental course, and treatment response. Given therelative
paucity of studies examining the external validity of the DSVI-IVV ADHD subtypes, the first
paper of this dissertation compares the ADHD subtypes with regard to demographic
characteristics (e.g., gender ratios, mean age) and clinical correlates (e.g., symptoms of
co-occurring internalizing and externalizing disorders) in alarge clinic-referred sample.
Additionally, few researchers have examined specific candidate genes as indicators of the
specific etiology, and hence external validity, of the ADHD subtype diagnoses. Y et there is
reason to be concerned that clinically acceptable definitions of disorders may not represent
genetically valid phenotypes. Thus, the first paper of this dissertation also examinesthe
distinctiveness and external validity of the ADHD subtypes using molecular genetic
approachesto test whether the strength of associationswith DRD4 and 5-HTT varies by
diagnogtic subtype.

The firgt paper of this dissertation has the potential to make valuable contributionsto
the extant literature in a least two major ways. Firs, if the DSM-1V ADHD subtypes cannot
be differentiated on a majority of the external validity indicators examined in this study,
it would call into question the adequacy of the current nomenclature. That is, the validity
of the ADHD construct (operationalized in DSM-IV as comprising three distinct
subtypes) restsin large part on its success in segregating more homogeneous subgroups
within the broader diagnosis on the basis of important enduring characteristics (e.g.,
different demographic configurations, clinical correlates, and underlying etiological

mechanisms). If it can be demondtrated that there are unique patterns of ADHD subtypes
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and co-occurring conditions with regard to their associated clinical correlates, etiology,
course, and outcome, it would provide support for the distinctiveness of the subtypes.
Alternatively, if the subtypes are found to have smilar patterns of demographic
characterigtics and clinical correlates, one might argue that ADHD is better conceptualized as
arelatively homogeneous diagnosis with shared features and etiologies. Furthermore, if there
are unigue patterns of co-occurring disorders across the subtypes, it may indicate the need for
gpecial treatment considerations for certain comorbid subgroups (Jensen et al., 1997, 2001).

Conversaly, if the current subtyping system does not prove to provide a parsimonious
and reliable way of differentiating comorbid subgroups within ADHD, thisraisesthe
question of whether there are viable alternative representations of the phenotype that may
serve to identify homogeneous groups within ADHD in a more effective manner.
Considering that the high rates of co-occurrence of other psychiatric disordersin ADHD
may reflect underlying genetic heterogeneity (Smalley et al., 2000), methods aimed at
reducing heterogeneity in the ADHD phenotype by discriminating among common
comorbid subgroups may enhance the power to detect associations between genes and
ADHD. Infact, thereisinitial evidence to suggest that stratifying ADHD groups by the
presence of co-occurring conditions indeed may be an effective means of revealing
associations between candidate genes and ADHD, that otherwise would remain
undetected if the phenotype were solely defined as a unitary diagnostic construct (e.g.,
Caspi et al., 2008; Holmes et al., 2002; Kirley et al., 2004).

Therefore, the second paper of this dissertation represents an attempt to empirically
examine one possible alternative approach to reducing the degree of diagnostic heterogeneity

inthe ADHD phenotype that may help identify subgroups of children possessing more
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similar biological risk factors and pathogenesis. More specifically, composites of co-
occurring externalizing and internalizing symptoms are evaluated as continuous
moderators of the relation between ADHD and several external validity criteria.
Furthermore, the second paper tests whether the proposed aternative comorbid ADHD
phenotype enhances the external validity of ADHD, as a function of including co-
occurring symptom dimensions, over and above the extant DSMI-1V subtyping system.
Specifically, the DSM-1V ADHD subtypes are compared with ADHD accompanied by
comorbid conditions on the basis of several external validity indicators, including genetic
associations with DRD4 and 5-HTT, gender composition, and mean age.

In summary, the current dissertation aims to address two major challenges that
clinicians and researchers continue to face concerning the classification, treatment, and
etiology of ADHD. Firgt, as highlighted above, researchers lack consensus with respect to
the best way to classify and diagnose ADHD, despite intense taxonomic study of this
prevalent childhood disorder. Second, athough there is strong evidence that genetic
influences are an important part of the etiology of ADHD, the search for specific
susceptibility genes is complicated by the fact that this condition is a genetically complex
disorder and by clinical heterogeneity within the ADHD diagnosis. With these challenges
in mind, theinitial paper examines the external validity and distinctiveness of the DSMI-IV
ADHD diagnogtic subtypes. The second paper evaluates whether an alternative comorbid
ADHD phenotype provides increased external validity over and above the extant DSVI-1V

diagnogtic subtypes.
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Abstract
There are inconsistent findings in the child clinical literature regarding the distinctiveness
of the DSM-1V ADHD subtype diagnoses. Given this, the present study contrasted the
ADHD subtypes on several external validity indices, including gender ratio, age,
overlapping conditions, and associations with candidate genes. The sample comprised
237 clinic-referred children diagnosed with ADHD who were recruited as part of an
ongoing study on the genetics of ADHD. Probands, their siblings, and parents were
genotyped for a variable number of tandem repeats (VNTR) in exon 3 of the dopamine
D4 receptor gene (DRD4) and an insertion / deletion polymorphism in the promoter
region of the serotonin transporter gene (5-HTTLPR). Regression analyses including
planned comparisons and tests of candidate gene associations were conducted to examine
whether the ADHD subtypes could be distinguished on the basis of the external
correlates. Planned comparisons revealed that the Combined subtype is characterized by a
higher proportion of males, lower mean age, and higher symptom levels of oppositional
defiant and conduct disorders, depression, and anxiety disorders compared with the
I nattentive or Hyperactive-I mpulsive subtypes. Genetic association analyses suggested
that the 7-repeat allele of DRD4 is significantly associated with symptoms of inattention
(i.e., this allele was over-represented in both the Combined and I nattentive subtypes), but
not hyperactivity-impulsivity. Further tests of association revealed that the I nattentive
subtype is more strongly related to the long allele of 5-HTT than the other two subtypes.
Overall, findings from the current study are most consistent with the representation of
ADHD asaunitary disorder with subtypes and provide modest support for the

distinctiveness of the DSMI-1V ADHD subtypes.
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Evaluating the External Validity and Distinctiveness of
DSM-1V Attention-Deficit/Hyperactivity Disorder Subtypes

Attention-deficit/hyperactivity disorder (ADHD) is one of the most commonly
diagnosed childhood disorders, affecting roughly 3%-7% of school-age children
(American Psychiatric Association [APA], 2000). According to the Diagnostic and
Satistical Manual of Mental Disorders— 4™ Edition (DSM-1V) (APA, 1994), ADHD
diagnoses are assigned depending on the degree to which an individual exhibits
symptoms of the two underlying symptom dimensions of inattention and hyperactivity/
impulsivity, thereby yielding three subtype diagnoses: Predominantly | nattentive Type
(IT), Predominantly Hyperactive-lmpulsive Type (HT), and Combined Type (CT).
Nonetheless, the conceptualization of ADHD has varied considerably since its initial
appearance as “Hyperkinetic Reaction of Childhood” in the second edition of the DSV
(DSM-I1; APA, 1968), as reflected in the successive revisions of the DSM over time.

Significant changes in the classification of ADHD can be largely attributed to
ongoing debate concerning the core deficit(s) associated with this childhood disorder, as
well as whether ADHD and its components are best conceptualized as one or more
symptom dimensions or diagnostic categories (Carlson & Mann, 2002; Lahey & Willcutt,
2002). Hyperkinetic Reaction of Childhood was initially defined as a unitary diagnostic
category inthe DSM-II (APA, 1968). In contrast, the DSVI-111 (APA, 1980) proposed two
subtypes of Attention Deficit Disorder (ADD) to delineate children who displayed symptoms
of inattention, impulsivity, and hyperactivity (ADD/H) from children whose symptom
presentation included inattention and impulsivity in the absence of hyperactivity (ADD/WO)

(Lahey, Schaughency, Strauss, & Frame, 1984). The revised DSVI-1I1 (DSM-111-R; APA,
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1987) eliminated the diagnostic subtypes and returned to a unidimensional conceptualization
of ADHD wherein no essential characteristics were designated (i.e., any combination of eight
or more symptom criteriawere sufficient for the diagnosis). A subtyping system for ADHD
wasreingated inthe DAVI-1V (APA, 1994), however, based on growing empirical and
clinical evidence supporting multidimensionality (Lahey, Carlson, & Frick, 1997). Thus,
despite intense taxonomic study of ADHD, there is ongoing debate among researchers
with respect to the best way to classify and diagnose this prevalent childhood disorder.
Specifically, the alternative possibilities include whether ADHD should be
conceptualized as @) a unitary disorder, b) a unitary disorder with subtypes, or ¢) multiple
distinct disorders.

One critical classification problem that may compromise the validity of the
overall ADHD diagnosis is the heterogeneity within the disorder. There is growing
recognition by researchers that ADHD is a heterogeneous condition, with regard to its
variability in the presentation of core symptoms, itsclinical correlates (e.g., demographic
characterigtics, rates of comorbidity), and arguably its etiology (Faraone et al., 1995;
Hechtman, 1999; Jensen, Martin, & Cantwell, 1997; Newcorn et a., 2001; Todd, 2000). The
process of identifying more clinically homogeneous subgroups within the overall ADHD
diagnosis thus would aid in the search for specific etiologies of, and the development of more
specific treatment approaches for, such subgroups. An obvious point of departure for
investigating the extent of heterogeneity within this disorder isto review the extant literature
regarding the distinctiveness of the DSMI-1V defined ADHD subtypes.

Differences between the ADHD subtypes have been documented (e.g., in prevalence,

mean age, gender ratios, and rates of co-occurring conditions) that to some researchersare
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suggestive of distinct underlying pathology and etiologies, and these have been summarized
in arecent qualitative review (Milich, Ballenting, & Lynam, 2001). Nonetheless, despite an
abundance of studies investigating ADHD since the publication of the DSM-1V, evidence
supporting the validity of the distinction among the DSM-IVV ADHD subtypes remains
scant (for recent reviews, see Woo & Rey, 2005; Baeyens, Roeyers, & Walle, 2006). The
present study has the potential to make valuable contributions to the extant literature in at
least two major ways. First, if the DSM-1VV ADHD subtypes cannot be differentiated on a
majority of the external validity indicators examined in this study, it would call into
guestion the adequacy of the current nomenclature. That is, the validity of the ADHD
construct (operationalized in DSVI-IV as comprising three distinct subtypes) restsin large
part on its success in segregating more homogeneous subgroups within the broader
diagnosis on the basis of important enduring characteristics (e.g., different demographic
configurations, clinical correlates, and underlying etiological mechanisms). Thus, the first
objective of the current study isto compare the ADHD subtypes with regard to
demographic characteristics (e.g., gender ratios, mean age) and clinical correlates (e.g.,
symptoms of co-occurring internalizing and externalizing disorders) in alarge clinic-
referred sample.

Second, few researchers have examined specific candidate genes as indicators of the
specific etiology, and hence external validity, of the ADHD subtype diagnoses. There is
reason to be concerned that clinically acceptable definitions of disorders may not
represent genetically valid phenotypes. For example, different phenotypic definitions
may lead to differences in the associations with candidate genes, such that certain

definitions might weaken the genetic signal whereas others might enhance it. Moreover,
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accurate and valid characterization of the psychopathological phenotypes is necessary
before advances in molecular genetics can be maximally utilized to further our
understanding of the genetic and environmental risk factors that give rise to psychiatric
disorders (Lahey et al., 2004). Thus, the second major objective of the current study isto
examine the distinctiveness and external validity of the ADHD subtypes using molecular
genetic approaches. Specifically, the ADHD subtypeswill be contrasted in their associations
with two candidate genes within the dopaminergic and serotonergic systems, the dopamine
D4 receptor gene (DRD4) and the serotonin transporter gene (5-HTT), respectively.
ADHD Subtype Differences on Demographic and Clinical Characteristics

A review of studies comparing the most commonly diagnosed ADHD subtypes
revealsthat the CT, relative to the IT, is more likely to be male, to have an earlier age of
onset or referral, to show greater global impairment including poorer social functioning,
and to have higher rates of comorbid externalizing disorders (e.g., Bauermeister et al.,
2005; Carlson & Mann, 2000; Faraone, Biederman, Weber, & Russell, 1998). On the
other hand, no distinct pattern of comorbid internalizing disorders (e.g., depression,
anxiety) between the two groups has emerged from the literature (Milich et al., 2001,
Power, Cogtigan, Eiraldi, & Leff, 2004). A recent meta-analysis by Harrington & Waldman
(2008) revealed greater rates of co-occurring depressive and anxiety disorders for the CT
relative to the I T, though the magnitude of this effect was only small-to-moderate (weighted
mean effect sizesof d=.14 and d =.26, for depressive disorders and anxiety disorders,
respectively).

Furthermore, review of the extant data has not revealed replicable differences

between the IT and the CT on neuropsychological and cognitive tasks (Chhabildas,
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Pennington, & Willcutt, 2001; Hinshaw, Carte, Sami, Treuting, & Zupan, 2002; Nigg,
Blaskey, Stawicki, & Sachek, 2004), measures of academic achievement (Carlson &
Mann, 2000; Faraone et al., 1998), family psychiatric history (Faraone, Biederman, &
Friedman, 2000; Stawicki, Nigg, & van Eye, 2006), and treatment response (Barkley,
DuPaul, & McMurray, 1991; Stein et al., 2003). Taken together, previous studies have
demonstrated modest support for the distinctiveness of DSVI-IV ADHD/IT and
ADHD/CT, but results have been largely inconsistent across samples.

Genetic Influences on ADHD and its Congtituent Subtypes

Quantitative genetic studies have consistently shown strong evidence suggesting
substantial genetic influences contributing to ADHD, with heritability estimates ranging
from 60 to 90% (Waldman & Rhee, 2002). Researchers also have examined the
heritability of the inattention and hyperactivity-impulsivity symptom dimensions (i.e., as
opposed to discrete diagnostic categories), reporting heritability estimates of
approximately 75% and 64% for the two symptom dimensions, respectively (Gjone,
Stevenson, & Sundet, 1996; Goodman & Stevenson, 1989; Levy, Hay, McStephen,
Wood, & Waldman, 1997).

Given the strong evidence for genetic influences on ADHD, numerous molecular
genetic studies have been conducted to search for the specific genes that confer risk for
ADHD. The majority of molecular genetic studies of ADHD have concentrated on
candidate genes in the dopaminergic, and to alesser extent, serotonergic and
noradrenergic neurotransmitter pathway (Waldman & Gizer, 2006). Numerous studies
have focused on the dopamine neurotransmitter system as the primary biological basis of

ADHD because psychostimulant medications, commonly prescribed to treat symptoms of
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ADHD, exert their primary pharmacological actions by binding to the dopamine
transporter and thereby blocking dopamine reuptake (Seeman & Madras, 1998; Solanto,
1984). Additional evidence for the relevance of genes within these neurotransmitter
systems comes from “knockout” gene studies in mice, in which the behavioral effects of
the deactivation of specific genes are examined (e.g., Rubinstein et a., 1997).

Although candidate gene studies of ADHD have yielded inconsistent findings
across studies, several candidate genes have shown evidence of replicable associations
with ADHD, including the dopamine transporter gene (DAT1), the dopamine D4 and D5
receptor genes (DRD4 and DRDS5, respectively), and the serotonin transporter gene (5-
HTT) (for recent reviews, see Faraone & Khan, 2006 and Waldman & Gizer, 2006). Ina
recent review of molecular genetic studies of ADHD, Faraone et al. (2005) reported that
seven genes (with the same variant) have shown evidence of significant association with
ADHD on the basis of pooled odds ratios (OR) across 3 or more studies, with ORs
ranging from 1.13 to 1.45. The effect sizes of these associations have been relatively
small, however, considering that an OR of 1.0 indicates no association between ADHD
and the putativerisk allele.

In the current study, two candidate genes were evaluated with respect to their
differential genetic associations with the ADHD subtypes, namely DRD4 and 5-HTT.
The first candidate gene included in this study codes for the dopamine D4 receptor
(DRD4). The dopamine D4 receptor is expressed in areas of the brain that underlie
ADHD including the prefrontal cortex (Paterson, Sunohara, & Kennedy, 1999) and has
been demonstrated to heighten the effects of alcohol, cocaine, and amphetamine on

locomotor activity (Rubinstein et al., 1997). Initial reports of an association between the
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personality trait of novelty seeking and DRD4 (Ebstein et al., 1996; Benjamin et a.,
1996) stimulated further investigations of DRD4 as a genetic susceptibility factor for
ADHD. Additional interest in exploring the relation between DRD4 and ADHD was
generated from “knockout” studies in mice and the effects of psychostimulants. For
example, Rubinstein et a. (1997) examined behavioral differences between the DRD4
“knockout” mice and wild-type mice and found that the “knockout” mice showed
decreased locomotor activity relative to the wild-type controls, suggesting a general
influence of DRD4 dysregulation on motor activity.

Following from this evidence, the association and linkage of ADHD with a 48-
base pair (bp) variable number of tandem repeats (VNTR) sequence in exon 3 of DRD4
has been examined in a number of studies. Several independent research groups have
reported a significant association between ADHD and the 7-repeat allele of DRDA4,
whereas several studies have failed to replicate this finding. The three most common
variants of DRD4 represent greater than 90% of the observed population allelic diversity,
namely, the 2-, 4-, and 7-repeat aleles. Notably, the functional significance of these
length/sequence changes in the DRD4 protein has been studied, revealing that the 7-
repeat variant exhibits a blunted ability to reduce cyclic AMP levels, in comparison with
that of the common 4-repeat variant (Asghari et a., 1995).

Faraone, Doyle, Mick, and Biederman (2001) re-evaluated the findings from 22
independent studies in attempt to reconcile the conflicting findings regarding the
association between DRD4 and ADHD. Notably, the results of the meta-analysis
demonstrated a significant DRD4-ADHD association for both case-control (OR = 1.9, p <

.001) and within-family studies (OR = 1.4, p=.02). Similar results were achieved by Li,
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Sham, Owen, and He (2006) when they conducted a meta-analysis of 33 independent
association studies of the relation between ADHD and DRDA4, providing further evidence
that the 7-repeat allele confers increased risk for ADHD (case-control studies: N = 12,
OR = 1.6, p <.001; within-family studies: N =21, OR = 1.2, p < .001).

The second candidate gene included in the present study is the serotonin
transporter gene (5-HTT), which isresponsible for the reuptake of serotonin from the
synaptic cleft back to the presynaptic neuron. Animal models of ADHD have
demonstrated that the paradoxical calming effect of psychostimulantsin miceis
influenced by serotonergic as well as dopaminergic neurotransmission, suggesting that
both neurotransmitter systems are involved in regulating motor activity (Gainetdinov et
al., 1999). The serotonin neurotransmitter system also has been hypothesized as a causal
factor underlying ADHD given evidence relating serotonergic dysregulation to a variety
of behaviorsrelevant to ADHD, including impulsivity, aggression, and disinhibition
(Halperinet al., 1997; LeMarquand et al., 1998; Lucki, 1998; Spivak et al., 1999).
Additional studies have demonstrated a positive association between increases in the
binding affinity of platelet serotonin transporter and increases in impulsive behavior in
children diagnosed with ADHD (Oades, Slusarek, Velling, & Bondy, 2002). Given this
evidence, the gene that codes for the serotonin transporter (5-HTT) has been investigated
as a candidate gene for ADHD.

Several studies of association and linkage between 5-HTT and ADHD recently
have been published, many of which have focused on a 44-bp insertion / deletion in the
promoter region of the gene characterized by long and short variants with demonstrated

functional consequence. Specifically, the short alele of the 5-HTT-linked promoter
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region polymorphism (5-HTTLPR) appearsto be associated with decreased serotonin
reuptake, whereas the long allele appears to be associated with more rapid serotonin
reuptake, thus lower levels of active serotonin (Lesch et a., 1996; Neumeister et al.,
2004).

The initial study to examine the association between 5-HTT and ADHD was
conducted by Manor et al. (2001), using a sample of 98 children diagnosed with DSMVI-1V
ADHD. They found a statistical trend for lower frequencies of participants homozygous
for the short allele of 5-HTT (c?(2) = 4.45, p = .11). Notably, when their analyses
excluded children with the I T, the association reached statistical significance (c%(2) =
11.25, p = .004), suggesting that the 5-HTTLPR may preferentially influence hyperactive-
impulsive symptoms (i.e., as opposed to inattentive symptoms). Subsequent attempts to
replicate Manor and colleagues’ initial positive association between 5-HTTLPR and
ADHD have yielded inconsistent results, however. Faraone et a. (2005) conducted a
joint analysis of the 5>-HTTLPR-ADHD association by combining results across all
studies published before 2005 and reported that the pooled OR for the long allele was
1.31 (95% Cl, 1.09-1.59). Since Faraone and colleagues’ pooled analysis, the mgjority of
studies published (i.e., 8 out of 10) have failed to detect statistically significant
association between the 5-HTTLPR and ADHD, with only two exceptions (i.e., Curran et
al., 2005 and Li et al., 2007).

There is preliminary evidence indicating that DRD4 and 5-HTT may be
preferentially related to one symptom dimension or subtype of ADHD, rather than the
disorder as awhole. Several studies have suggested a stronger relation between DRD4

and the inattentive (rather than hyperactive-impulsive) symptoms of ADHD (Lasky-Su et
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al., 2008; McCracken et al., 2000; Rowe et al., 1998). Furthermore, other sudies have
shown DRD4 to be related to attention problems in the general population (Laucht et al.,
2006; Schmidt et al., 2001). In contrast, studies examining the relation between 5-HTT
and ADHD have found 5-HTT to be preferentially associated with hyperactive-impulsive
symptoms and the CT (Manor et al., 2001 and Seeger, Schloss, & Schmidt, 2001,
respectively).
Sudy Hypotheses

Given mixed findings in the extant literature with respect to the distinctiveness of
the DSM-IVV ADHD subtypes, this study examined the external validity of the current
diagnogtic classification system of ADHD. The following hypotheses were generated and
tested on the basis of the evidence reviewed above:

1. Based on previous studies of ADHD using clinically-referred samples, it was
hypothesized that the subtypes could be differentiated on demographic
characteristics, with IT showing a lower proportion of males and higher mean
age relativeto CT and HT.

2. Itwas predicted that CT would exhibit higher rates of both externalizing and
internalizing disorder symptoms as compared with IT and HT, consistent with
the results of arecent meta-analysis (Harrington & Waldman, 2008).

3. Given preliminary evidence of differential genetic associations between
particular ADHD symptom dimensions/ subtypes and each of the two
selected candidate genes, it was hypothesized that DRD4 would show stronger

association with inattention symptoms and I'T and CT, whereas 5-HTT would
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show stronger association with hyperactive-impulsive symptoms and HT and
CT.
Method
Participants
The full sample comprised 390 children from 233 families recruited through the

Center for Learning and Attention Deficit Disorders (CLADD) at the Emory University
School of Medicine in Atlanta, Georgia and through psychiatrists in private practice in
Tucson, Arizona. Children were assessed and/or treated for attention-deficit disorders,
related behavioral disorders, and/or learning problems at these two clinics. Probands were
designated as children who originally brought a family to the atention of this study,
regardless of the diagnosis assigned to the children. Whenever possible, both male and
female siblings of the probands were also sampled. Any diagnosis assigned to a child
remained confidential and did not affect their inclusion in the study.

The study protocol was approved by the institutional review boards of Emory
University and the University of Arizona, and appropriate informed consent was obtained
for all participants at both sites. While families were being seen at either of the two
clinics, they were presented with and given the option to sign a form indicating that they
agreed to be contacted for future research. Consenting families were then contacted by
phone, presented with details regarding the study, and asked if they would like to
participate. All family members were given copies of the informed consent form to read
in advance of all assessments. Participating children were given an age-appropriate verbal
description of what the study entailed and those children who could read and write also

read and signed a written assent form. The parents signed the informed consent forms and
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also signed for their children who were too young to read. Families who agreed to
participate in the study were assessed in their homes over the course of a single three-
hour period. Participating children were comprehensively assessed on lab measures of
executive functions and attention and their parents completed questionnaires assessing
the demographic characteristics of the family, as well as symptoms associated with
commonly diagnosed childhood psychiatric disorders in their children.

Children diagnosed with autism, traumatic brain injury or other neurological
conditions (e.g., epilepsy), or an 1Q < 75 were excluded from participation in the study.
This exclusionary decision was made because these conditions can result in ADHD-like
symptoms, although the etiological pathways of these conditions are most likely unique.
Only participants who met diagnostic criteria for ADHD (N = 237) wereincluded in the
analyses reported in the current paper to ensure that findings of subtype differences were
not merely driven by differences from the undiagnosed group. The participants in this
study represent an expanded sample that has been previously published on (e.g.,
Waldman et a., 1998; Rowe et a., 1998).

Demographic characteristics of the current sample are presented in Table 1. The
children ranged in age from 5 to 18 years, with an average age of 10.5 years (SD = 3.3) at
the time of assessment. The overall sample comprised 261 boys (67%) and 129 girls
(33%). The racial/ethnic composition of the sample was 78% Caucasian, 9% African-
American, 2% Hispanic/Latino, and 11% mixed ancestry. Of the 237 (61%) children who
met DSM-1V criteriafor ADHD, the rates of subtype diagnosis were as follows: 34% IT,

56% CT, and 10% HT. For purposes of comparison, data on demographic characteristics
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and ADHD symptoms from a non-disordered control sample (i.e., no ADHD diagnosis)
from Atlanta and Tucson also are presented in Table 1.

Assessment Procedures

Parent ratings were obtained for probands and their siblings (whenever possible)
using the Emory Diagnostic Rating Scale (EDRS). The EDRS was developed in our lab
(Waldman et a., 1998) to assess DSM-1V symptoms of the major childhood psychiatric
disorders, including disruptive behavior disorders (i.e., ADHD, conduct disorder (CD),
and oppositional defiant disorder (ODD)), as well as internalizing disorders such as major
depression, dysthymia, and anxiety disorders. Each symptom of a given disorder
corresponds to a specific item on the rating scale. Children were rated by their parentson
a 0-4 scale, in which ascore of O indicates that the symptom is “not at all” characteristic
of the child and a score of 4 indicates that the symptom is “very much” characteristic of
the child. Average symptom dimension scores were calculated for each major childhood
disorder by summing the item scores (0-4) comprising each scale and dividing by the
total number of scale items. The symptom scales allow quantitative assessments of the
disorders, asthey distinguish severity and number of symptoms over a broad range.

ADHD diagnoses were then derived from cut-off scores on the continuous
symptom dimensions in accordance with DSM-1V diagnostic criteria. In the current study,
ADHD diagnoses were calculated at a moderate level of symptom severity, wherein each
individual symptom was considered present with a score of 2 or higher. Probands and
their siblings were assigned an ADHD subtype diagnosis if they surpassed the standard
diagnostic thresholds (i.e., > 6 of 9 symptoms) on the inattention and/or hyperactivity-

impulsivity symptom dimensions at the moderate severity level. That is, children who
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were above threshold only on the inattentive symptom dimension were diagnosed with
I'T, children who were above threshold only for the hyperactive-impulsivity symptom
dimension were diagnosed with HT, and children who were above threshold on both
symptom dimensions were diagnosed with CT.

All diagnoses were based on mother’s symptom ratings, except in cases where
mother ratings were unavailable in which case father ratings were substituted. The
decision to primarily use mother ratings was largely based on the fact that father ratings
were unavailable for alarge percentage of the sample and based on evidence
demonstrating mothers' superior validity as informants (e.g., Coffman, Guerin, &
Gottfried, 2006). In addition, maternal reports of ADHD symptoms have consistently
yielded high heritability estimates (Thapar, Holmes, Poulton, & Harrington, 1999). The
internal consistency reliabilities of both the inattentive and hyperactive-impulsive
symptom dimensions were high (a = .96 and .95, respectively).

DNA Caollection, Extraction, and Genotyping Procedures

Probands, their siblings, and parents were genotyped for the 48-bp VNTR in exon
3 of DRD4 and the 5-HTTLPR 44-bp insertion / deletion polymorphism. The technique
used to collect DNA changed during the course of the study, in order to facilitate the
extraction process and increase the yield of DNA. The DNA collection procedures have
included the use of sucrose solution washes and buccal brushes to collect buccal cells, as
well as Oragene™ DNA self-collection kits to obtain saliva samples (DNA Genotek,
Inc.). At the end of the study visit, the DNA samples were immediately refrigerated and
transported to the Center for Medical Genomics at Emory University for secure storage

and extraction by lab personnel. Buccal cells were pelleted for ten minutes at 2,000 g and



30

the DNA was extracted using a QIAmp Tissue kit (Qiagen), according to the
manufacturer’s protocol. The samples were then preserved in TE (10 mM Tris Hcl, 1mM
EDTA).

The preserved samples were sent to two laboratories for polymerase chain
reactions (PCR) amplification of the DRD4 and 5-HTTLPR markers: 1) the University of
Arizona's Laboratory of Molecular and Systematic Evolution in Tucson, AZ and 2) the
Psychiatric and Neurodevelopmental Genetics Unit (PNGU) in the Center for Human
Genetic Research at Massachusetts General Hospital (MGH) in Boston, MA. The 48-bp
VNTR in exon 3 of DRD4 was genotyped by PCR, either according to the protocol
originally described by Lichter et a. (1993) in the laboratory at the University of
Arizona, or more recently, according to an alternate protocol in the laboratory at MGH
(see Appendix for description of alternate protocol). The 5-HTTLPR polymorphism was
genotyped by PCR at MGH, following the procedures outlined in the alternate protocol
(see Appendix). After the genotyping procedures were completed at the University of
Arizona and MGH, our lab received Microsoft Excel spreadsheets containing the final
called genotypes for all samples.

Data Analysis

Asshown in Table 2, two sets of a priori contrasts were utilized throughout the
current analyses to help evaluate competing hypotheses regarding whether each
dependent variable is more strongly related to 1) inattentive vs. hyperactive-impulsive
symptoms or 2) one specific DSM-1V ADHD diagnostic subtype. More specifically, the
first set of contrasts was used to test the hypothesis that the inattentive symptoms of

ADHD are more strongly associated with the dependent variable of interest by comparing
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IT and CT versusHT, and IT versus CT. A second complementary set of contrasts was
used to test the hypothesis that the I nattentive subtype of ADHD is more strongly related
to the dependent variable of interest by comparing IT versus HT and CT, and HT versus
CT. Given that al of the study hypotheses described above were directional, one-tailed p-
values were reported for all analyses.

The DSM-1V ADHD subtypes were first contrasted to determine whether they are
distinguishable with respect to demographic characteristics, including gender
composition (viz., proportion of males) and mean age. Logistic regression analyses were
performed to test for possible gender differences across the ADHD subtypes, using the
two sets of aforementioned a priori orthogonal contrasts in independent analyses. Child's
gender served as the dependent variable and the set of contrasts served as the explanatory
variables. Logistic regression yields aWald c? statistic that tests the significance of each
individual predictor in the regression model. More specifically, the Wald c? statistic
represents the ratio of the square of the estimate of the regression coefficient to the square
of the estimate of its standard error (Cohen, Cohen, West, & Aiken, 2003). The
Nagelkerke R? and ORs (including their 95% confidence intervals) were reported as
measures of effect size.

Analyses of variance (ANOV As) with planned comparisons were conducted to
determine whether the DSM-1VV ADHD subtypes could be distinguished by mean age at
assessment, again using the two setsof a priori orthogonal contrasts outlined in Table 2.
The child’s age at the time of assessment served as the dependent variable and the
orthogonal contrasts among the ADHD subtypes served as the independent variable.

Similar analyses were used to test for differences in each internalizing and externalizing
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symptom dimension as a function of the a priori contrasts. For each dependent variable,
Levene' stests of homogeneity of variance were performed to examine whether the
assumption of equal variances across subtypes was met.

Tests of association were conducted using ordinal logistic regression to examine
differences between the DSM-1V ADHD subtypes and each of the selected candidate
genes (DRD4 and 5-HTT) in independent analyses. The number of DRD4 or 5-HTT
“high-risk” alleles (i.e., 0, 1, or 2) served as the criterion variable and the previously
described a priori contrasts among the ADHD subtype diagnoses served as the predictor
variables. Given the abovementioned findings from previous studies in the human
literature suggesting that the 7-repeat allele of the DRD4 VNTR and the long allele of the
5-HTTLPR polymorphism are associated with increased risk for ADHD, directional
predictions were made designating these variants as the “high-risk” alleles. Accordingly,
one-tailed p-values were reported. To control for sex and age differences across the
ADHD diagnostic subtypes, sex, age, age’, and the sex X age, and sex X age’ interactions
were entered as covariates in separate steps of the ordinal logistic regression model prior
to performing the genetic analyses. Non-significant sex and age terms were dropped from
the model in an iterative fashion until only the most complex sex and age terms that were
significant remained in the model.

Although between-family designs (i.e., based on the classic case-control study),
are often more powerful statistically than within-family designs (Pericak-Vance, 1998),
population stratification is a potential threat to the internal validity of between-family
association methods. Two conditions must be true in order for population stratification to

occur: 1) the alele frequencies must vary across population subgroups (e.g., ethnic
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groups) within the study sample and 2) the ethnic groupsthat differ in allele frequency
must also differ with respect to the outcome variable (e.g., rates of disorder and/or
symptom levels) (Hutchinson, Stallings, McGeary, & Bryan, 2004). Hence, spurious
associations in candidate gene studies may result if the case-control differencesin allele
frequencies are due to systematic differences in ancestry rather than the association of
genes with disease. Thus, to minimize possible confounding owing to population
stratification, participants parent-reported ethnic backgrounds (i.e., % European-
American, % African-American, and % Hispanic) were statistically controlled prior to
the primary analysis for all genetic analyses.

Prior to conducting the primary genetic analyses, our lab performed quality
control analyses of the genotypes for both genes using crosstab analyses in SPSS version
15 (SPSS, Inc., Chicago, IL). These analyses included estimates of monozygotic twin
agreement for genotypes and the concordance of genotypes between genomic and Whole
Genome Amplified (WGA) samples, given that genomic as well as WGA DNA samples
were available for a subset of subjects (N =63 and N = 52 for DRD4 and 5-HTT,
respectively). In addition, the program PEDSTATS (Wigginton & Abecasis, 2006) was
used to estimate call rates and exact Hardy Weinberg Equilibrium (HWE) tedts.

Results
Analyses of ADHD Subtype Differencesin Demographic Variables

Gender ratios. Logistic regression analyses were first conducted to test the
hypothesis that the DSM-IV ADHD subtypes differ with respect to their gender
composition. As shown in Table 3, the analyses revealed that the CT showed a higher

proportion of males relative to both the IT (Wald c][N=237] = 3.11, p= .039, OR = 1.32
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[95% CI =.97 — 1.80]) and the HT (Wald ¢’ [N=237] = 3.01, p = .042, OR = 1.51[95%
Cl =.95— 2.41]). Thefinding that CT was characterized by a higher male-to-female
ratio than IT was consistent with our predictions, whereas the finding that CT had a
higher male-to-female ratio than HT was unexpected. The results of contrasts between I'T
and CT versus HT (Wald ¢ [N=237] = 1.45, p= .115, OR = .83[95% Cl = .62 — 1.12]),
aswell asIT versus HT and CT (Wald c?[N=237] = .183, p = .335, OR = 1.05[95% CI =
.84 — 1.30]), were both non-significant.

Age. We next performed ANOVASs incorporating planned comparisons to
examine differences in mean age among the DSM-IVV ADHD subtypes. The Levene's test
was not significant, indicating that equal variances in age can be assumed across the
ADHD subtypes (F (2, 234) = 1.19, p = .306). All four contrasts were significant as
predicted (also shown in Table 3), revealing that IT is characterized by higher mean age
(M =11.5years, SD = 3.1), as compared with CT (M = 10.0 years, SD = 2.8) and HT (M
= 8.4 years, SD = 2.6). Mog notably, the contrast of IT versus HT and CT was highly
significant, accounting for approximately 10% of the variance in mean age (t (1, 234) =
5.19, p < .001, h? = .10).

Analyses of ADHD Subtype Differences in Rates of Co-occurring Disorders

Results of the planned comparisons contrasting co-occurring internalizing and
externalizing symptom levels across the DSM-1V ADHD subtypes are shown in Table 4
and revealed that IT could be distinguished from CT on seven internalizing symptom
dimensions, including depression (t (1, 190) = - 2.77, p < .001, h? =.07), generalized
anxiety (t (1, 200) = - 3.70, p < .001, h? = .06), obsessions (t (1, 184) = - 3.69, p < .001,

h? =.07), compulsions (t (1, 198) = - 2.38, p = .009, h? = .03), separation anxiety (t (1,
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205) =- 3.21, p=.001, h® =.05), agoraphobia (t (1, 192) = - 2.81, p=.003, h* =.04),
and specific phobias (t (1, 203) = - 2.59, p = .005, h? = .03). For all significant contrasts,
our hypothesis that CT would show higher mean levels of internalizing symptoms than
I'T was supported. Further, as predicted CT also exhibited higher mean levels of ODD
and CD symptoms when compared with I T (t (1, 230) = - 6.43, p<.001, h®= .15, and t
(1, 207) = - 4.55, p < .001, h? = .09, respectively).

On the other hand, the contrast between HT and CT revealed non-significant
differences on the internalizing and externalizing symptom dimensions, with the
exception of CT showing significantly higher symptoms of depression (t (1, 40) = 3.72,
p < .001, h? =.25) and generalized anxiety (t (1, 35) = 2.18, p =.018, h? = .12) than HT.
Ascan be seen in Table 4, the results of the contrast between IT versusHT and CT
provided confirmation that the HT and CT groups (in combination) are characterized by
significantly higher levels of other externalizing symptoms and a range of anxiety
symptoms relative to the I T.

Genetic Analyses Examining the Relation between ADHD and DRD4 and 5-HTT

Quality control analyses. We conducted a series of Quality Control (QC)
analyses of the DRD4 and 5-HTT genotype data using our family samples prior to
analyses of differential association among the ADHD subtypes. The call rate in our
sample was 90% and 86% for the DRD4 and 5-HTTLPR markers, respectively. The
concordance of genotypes within monozygotic (MZ) twin pairs (N = 31) yielded an
allelic discordance rate of approximately 13% and 5% for the DRD4 and 5-HTTLPR

markers respectively. Genotypes from genomic and Whole Genome Amplified (WGA)
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DNA samples were compared in a subset of individuals (i.e., N = 63 cases for DRD4 and
N = 52 cases for the 5-HTTLPR) and no discrepancies were revealed for either marker.

Finally, tests of HWE were conducted for the full sample (including ADHD
cases) versus founders only (equivalent to the probands’ parents in this study).
Marginally significant departure from HWE was observed for both the DRD4 exon 3
VNTR (p = .053) and the 5-HTT promoter polymorphism (p = .045) in the full sample
that included ADHD cases, whereas departure from HWE was not detected in founders
only (p =.191 and p = .209, for DRD4 and 5-HTT, respectively). Wittke-Thompson,
Pluzhnikov, and Cox (2005) demonstrated that a similar pattern of results (i.e., significant
HWE departure in cases, but not in controls) suggests that the gene of interest may be a
disease susceptibility locus, rather than representing genotyping error. Thus, the HWE
results provide initial support for the association between DRD4 and 5-HTT and ADHD.

Ordinal logistic regression analyses were next conducted using a priori,
orthogonal contrasts (shown in Table 2) to examine ADHD subtype differences in the
association with the number of DRD4 and 5-HTT high-risk alleles (i.e,, 0, 1, or 2). A key
assumption underlying ordinal regression is that the slope of the regression line is
equivalent across levels of the dependent variable. The test of parallel lines was non-
significant for both DRD4 (c%(N=211) = 2.20, p = .332) and 5-HTT (c*(N=204) = .958, p
= .958), indicating that this assumption was not violated.

For DRD4, association was found with three out of the four a priori contrasts (see
Table 5). The contrasts between IT versus CT and HT versus CT revealed that CT
showed a stronger association with the 7-repesat alele of DRDA4 relative to IT (Wald

cqN=210] = 3.10, p = .039, OR = 1.36[95% Cl = .97 — 1.92]) aswell as HT (Wald
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c’[N=210] = 4.75, p = .014, OR = 3.19 [95% CI = 1.12 — 9.04]). The contrast between
IT and CT versus HT was also significant, such that the IT and CT groups showed
stronger association with DRD4 than the HT group (Wald ¢’ [N=210] = 3.63, p = .028,
OR =1.95[95% CI =.98 — 3.90]). Taken together, this pattern of results provides further
evidence to suggest that DRD4 is associated more strongly with symptoms of inattention
than hyperactivity-impulsivity, given that CT and IT are characterized by elevationsin
inattentive symptoms whereas HT is not, combined with the fact that the CT showed
significantly higher levels of inattentive symptomsthanthe T (t (1, 234) =- 3.44,p<
.001, h? =.05). When sex and age terms were added into the model as covariates, the
interactive effects of sex and age (i.e., sex X age) were found to be significant (Wald
c’[N=210] = 4.17, p = .041). As shown in Table 5, all contrasts remained significant after
controlling for the effects of sex and age.

Thetestsof a priori contrasts yielded significant evidence for association between
5-HTT and ADHD subtypes in two out of the four contrasts (see Table 5). The contrast of
IT versusHT and CT revealed a significantly stronger relation between the long allele of
5-HTT and IT, as compared with the other two subtypes combined (Wald ¢ [N=203] =
423, p = .020, OR = 1.26 [95% ClI = 1.01 -1.56]). There also was a marginally
significant finding for the contrast between IT and CT versus HT, with the IT and CT
groups demonstrating a stronger association with the long variant of 5-HTT than the HT
group (Wald c?[N=203] = 2.22, p = .068, OR = 1.26 [95% CI = .93 — 1.72]). In addition,
the contrast between IT and CT approached significance, with the IT showing greater
association with the long allele of 5-HTT than the CT (Wald ¢’ [N=203] = 2.26, p = .066,

OR = 1.25[95% CI = .93 — 1.66]). Notably, the addition of sex and age as covariates
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revealed no evidence for a significant association with the 5-HTTLPR. Therefore, all sex
and age terms were subsequently dropped from the regression model.
Discussion

In light of inconsistent findings in the literature on the distinctiveness of the DSM-
IV subtypes of ADHD, the present sudy tested the external validity of this diagnostic
classification system on the basis of several external correlates. These included subtype
differences in sex, age, symptoms of co-occurring externalizing and internalizing
disorders, and associations with DRD4 and 5-HTT. As predicted, and consistent with
previous studies using clinic-referred samples, the current study found that CT is
characterized by a significantly higher proportion of males and a lower mean age
compared with children inthe IT and HT groups. For example, in this study children
diagnosed with CT were 1.5 years older on average and 30% more likely to be male
relative to children diagnosed with IT.

Although these findings suggest that the three subtypes differ somewhat in their
gender and age distributions from a cross-sectional perspective, this may actually reflect
different manifestations of ADHD over the course of development (Woo & Rey, 2005).
In support of this developmental hypothesis, studies have shown that hyperactive-
impulsive symptoms appear earlier (around age 3-4 years), with the inattention symptoms
becoming apparent later (at age 5-7 years, around the start of school). Hyperactive-impulsive
symptoms show a steeper decline during childhood than do the inattention symptoms
(Barkley, 1997; Gjone, Stevenson, & Sundet, 1996; Hart, Lahey, Loeber, Applegate, &
Frick, 1995). Furthermore, arecent prospective study conducted by Lahey et al. (2005)

reported considerable instability of the DSMI-1V ADHD subtypes from preschool through
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elementary school, particularly for children initially diagnosed with HT who often shift to
CT in later years. To avoid the problem of ADHD children shifting from one nominal
diagnostic label to another over time, Lahey et al. recommended replacing the current
DSM-1V nominal subtype classification system with a single diagnostic category of
ADHD in DSM-V. Importantly, they further suggested the addition of a diagnostic
qualifier in DSVI-V based on continuous ratings of hyperactivity-impulsivity symptoms,
such that IT and CT could be distinguished on a continuous rather than a nominal basis.

Consistent with our hypotheses, planned comparisons revealed that CT and IT
could be distinguished with respect to rates of co-occurring externalizing and
internalizing symptoms, with the CT consistently showing higher levels of ODD, CD,
depression, and a variety of anxiety symptoms (i.e., generalized anxiety, separation
anxiety, agoraphobia, specific phobias, obsessions, compulsions). It is awell documented
finding that children with CT are generally rated higher by parents and teacherson
externalizing dimensions (e.g., on measures of aggression, delinquent behavior, and conduct
problems), in comparison to children with IT (Milich et al., 2001). Nonetheless, a distinct
pattern of ADHD subtype differences in internalizing symptoms, such as depression and
anxiety, has not previously been reported and is a novel finding of this study.

Studies of DSM-111 subtypes of ADHD (attention deficit disorder with
hyperactivity [ADD/H] and without hyperactivity [ADD/WO)]) suggested atrend for the
ADD/WO subtype to demongtrate higher levels of internalizing symptoms than the ADD/H
subtype (e.g., Lahey & Carlson, 1991). This pattern does not hold for the corresponding
subtypesin DSM-IV (i.e., CT and IT), however. On the contrary, there is growing evidence

that children with CT tend to be at higher risk for developing both concurrent externalizing
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symptoms (ODD, CD) and internalizing symptoms (depression, anxiety) than I T, as
demondrated in arecent meta-analysis (Harrington & Waldman, 2008). The current study
provides further support for the hypothesis that children with the CT are at increased risk for
developing both co-occurring externalizing and internalizing disorders. Nevertheless,
although children with CT may show greater internalizing symptoms compared with
children with IT, it is essential to highlight that all three subtypes of ADHD show higher
rates of internalizing disordersrelative to anon-ADHD comparison group.

Although the patterns of co-occurring psychopathology with HT have been much less
studied due to this diagnogtic subtype' s low prevalence, results from the current sudy also
provide initial evidence that the HT is more similar to the CT thanto the IT. With the
exception of symptoms of depression and GAD, CT and HT did not differ significantly in
levelsof ODD, CD, or arange of other anxiety disorders (i.e., Separation anxiety, panic,
agoraphobia, socia phobia, specific phobias, obsessions, and compulsions). In light of recent
longitudinal evidence suggesting that the HT is particularly unstable, the HT may be best
viewed as amilder form of CT that sometimes remits but often developsinto CT later in
elementary school as attentional difficulties become more pervasive (Lahey et al., 2005).

Given preliminary evidence suggesting specificity in the relations of the selected
candidate genes with a particular subtype or symptom dimension of ADHD (e.g., Lasky-
Su et al., 2008 for DRD4; Manor et al., 2001 for 5-HTT), we hypothesized that DRD4
would show stronger association with inattentive symptoms, 1T, and CT, whereas 5-HTT
would show stronger association with hyperactive-impulsive symptoms, HT, and CT. For
DRD4, the subtype analyses revealed significantly greater association with CT and IT (to

alesser extent) than HT, confirming findings from several previous studies suggesting a
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stronger relation between DRD4 and the inattentive (rather than hyperactive-impulsive)
symptoms of ADHD (Lasky-Su et al., 2008; McCracken et al., 2000; Rowe &t al., 1998).

The subtype analyses suggested that the long allele of the 5-HTTLPR is preferentially
related to inattentive symptoms, given that the IT showed stronger evidence for association
than the CT and HT groups combined. In addition, atrend towards significance emerged for
the contrast between IT and CT, wherein the I T showed greater association with the long
alele of 5-HTTLPR than the CT. These findings conflict with earlier sudiesthat reported a
specific association between the long allele of 5-HTTLPR and the CT, aswell as hyperactive-
impulsive symptoms (e.g., Manor et d., 2001; Seeger et d., 2001).

To our knowledge, this study isthe first to find a preferential association between
5-HTTLPR and the IT or inattentive symptoms. However, the majority of studies
investigating the association between ADHD and 5-HTT have not examined differences
in association between the subtypes or symptom dimensions of ADHD. It is well
documented that the inattention and hyperactivity-impulsivity symptom dimensions are
substantially correlated (e.g., r = .69 in the current sample; r = .67 reported by Lahey et
al., 2004). Therefore, it is possible that previous studies reporting a significant association
between the 5-HTTLPR and ADHD may have found evidence for a specific association
with inattentive symptoms as well as hyperactive-impulsive symptoms, if analyses of
ADHD subtypes or symptom dimensions had been conducted. Further support for a
possible role for 5-HTT in the etiology of attentional problems comes from evidence that
some tricyclic antidepressants, known for reducing serotonergic activity, appear to be
efficacious in reducing impaired concentration, as well as hyperactivity and

impulsiveness in children with ADHD (Spivak et al., 1999). Other possible explanations
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for the partial failure to replicate previous reports of association between the long allele
of the 5-HTTLPR and hyperactive-impulsive symptoms (e.g., Manor et al., 2001; Seeger
et al., 2001) include variation across studies in subject ascertainment criteria, diagnostic
assessment, and genetic heterogeneity.

An important contribution of the present study stems from the finding that CT
was distinguishable from IT by greater concurrent externalizing and internalizing
symptomatology. This finding suggests that within the heterogeneous diagnostic
category of ADHD, the CT represents a more severely affected group of children than the
IT. That is, thereisincreasing evidence that CT is associated with greater severity of
overall psychopathology, including higher rates of comorbidity, aswell as elevated essential
symptoms (i.e.., inattention and hyperactivity-impulsivity) relativeto IT. Moreover, arecent
study by Gadow et d. (2004) demondtrated that the CT <ill showed significantly higher
levels of anxiety and depression than the IT and HT groups, even after controlling
gatistically for the severity of the essential ADHD symptoms. Thus, the higher rate of
internalizing symptoms exhibited by the CT cannot be solely attributed to the fact that the CT
possesses more severe inattentive and hyperactive-impulsive symptoms.

Sudy Limitations and Directions for Future Research

Findings presented in this study should be considered within the context of
several limitations. The first l[imitation pertains to the relatively modest sample size for
undertaking analyses of diagnostic subtypes of ADHD. Dividing a diagnostic category
(i.e., ADHD) into its constituent subtypes reduces the sample size per group, which likely
led to decreased power in detecting differences among the subgroups of ADHD,

particularly for the genetic analyses. Thisis especially problematic for HT, given that this
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subtype consistently represents the smallest proportion of ADHD cases across studies.
Consequently, our understanding of HT continues to lag behind that of the more common
subtypes of ADHD (i.e., CT and IT), thus this subtype in particular requires further
external validation in future studies.

A second limitation concerns the generalizability of the results from the current
study to other populations. This limitation is probably most salient for molecular genetic
studies of ADHD, considering evidence that differences in phenotypic measurement (e.g.,
diagnoses based on parent ratings, teacher ratings, clinical interviews, multiple raters, or
multiple assessment instruments) appear to influence the degree of genetic variation
explained (Curran et al., 2001; Simonoff et al., 1998; Thapar et al., 2000). Further
variation across studies stems from the sample type or referral source (viz., community-
based vs. clinic-referred samples), owing to factors such as higher rates of comorbidity
and functional impairment that are typically found in clinic-referred samplesrelative to
nonreferred samples (Waschbusch, 2002). Therefore, caution should be used in
generalizing the results from the current study beyond the methodology described herein
(i.e., clinic-referred sample, clinical diagnosis of ADHD based on parents' symptom
ratings).

Future studies should focus on exploring ways to reduce phenotypic heterogeneity
within the current definition of ADHD. Refinement of the ADHD phenotype is one strategy
that should help reduce heterogeneity and bolster our ability to identify genes contributing to
ADHD. As severd researchers have recently suggested, one under-explored factor
contributing to the inconsistency in molecular genetic results for ADHD seems to be

diagnostic heterogeneity, which possibly reflects underlying genetic heterogeneity (Lasky-Su
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et a., 2008; Todd et al., 2001). One approach to reducing the heterogeneity within ADHD is
to examine symptom clusters of other childhood disorders that frequently co-occur with
ADHD. Taking into account levels of co-occurring externalizing and internalizing symptoms
may help to identify a more genetically homogeneous phenotype, thus increasing our ability
to detect candidate genesthat confer risk for ADHD (e.g., Faraone, Biederman, & Friedman,
2000; Jensen et al., 1997; Volk et al., 2005).

Lubke et al.”s (2007) recent work represents another promising direction for future
research on the validation of ADHD classification, whereby alternative conceptualizations of
the ADHD phenotype can be tested ssimultaneoudly. They used a novel statistical approach
involving factor mixture modeling (FMM), which simultaneously incorporates aspects of
both factor analysis and latent class analysis, to determine whether symptoms of inattention,
hyperactivity, and impulsivity reflect 1) quaitatively distinct subtypes of ADHD, 2) variants
along asingle continuum of severity, or 3) severity differenceswithin subtypes. Lubke and
colleagues FMM analysis of an ADHD rating scale revealed that the best fitting model was
ahybrid model that separated the non-diagnosed majority from the diagnosed minority, while
allowing for severity differences in both inattention and hyperactivity-impulsivity
dimensions. Thus, their results support the conceptudization that ADHD is characterized by
two moderately correlated continuous dimensions (inattention and hyperactivity-impulsivity),
rather than clusters of qualitatively distinct subtypes.

In conclusion, the current study provides modest support for the distinctiveness
and external validity of DSM-1V ADHD subtypes. The most striking finding was that the
CT appears to represent a more severe form of ADHD relative to the other subtypes (1T

and HT). Although the ADHD subtypes were found to differ significantly on several
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external correlates, their overall symptom profiles appear more similar than different when
compared with non-rADHD children. Taken together, the findings from the current
investigation are most consistent with the representation of ADHD as a unitary disorder with
subtypes. Lubke et al.’s (2007) recent work further suggests that the most parsmonious
conceptualization of ADHD is two correlated symptom dimensions that vary in severity.
Recent findings from Lahey et al.’s (2005) longitudinal study showed evidence of
considerable instability of the DSM-IV ADHD subtypes across development, providing
further support for the clinical utility of continuous ratings of inattentive and hyperactive-
impulsive symptoms, over and above nominal diagnostic categories. This set of findings
suggests that additional research is needed to 1) examine the external validity of the
ADHD subtypes and symptom dimensions, and 2) investigate novel methods of refining
the phenotype that reduce diagnostic heterogeneity and thus bolster our ability to identify

genesthat contribute to ADHD.
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Table 1. Sample Demographic Characteristics and Mean ADHD Symptom Levelsfor ADHD Subtypes and Normal Controls

ADHD/IT ADHD/CT ADHD/HT Normal controls
Participants, N 82 132 23 215
ADHD subtype diagnoses (%) 34% 56% 10% --
Gender, N (%) male 55 (67%) 103 (78%) 14 (61%) 155 (72%)
Mean age at assessment (SD) 11.5 (3.0 10.0(2.8) 8.4(25) 11.3 (4.0
Mean inattention sx (SD) 2.81(.62) 3.10 (.56) 1.40 (.66) .67 (.54)
Mean hyp-imp. sx (SD) .95 (.68) 2.92 (.63) 2.77 (.58) .49 (.48)

Note. ADHD = Attention-Deficit/Hyperactivity Disorder; ADHD/IT = Inattentive Type; ADHD/CT = Combined Type; ADHD/HT = Hyperactive-

Impulsive Type; sx = symptoms; hyp-imp. = hyperactive-impulsive.
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Table 2. A Priori Orthogonal Contrasts for Comparing DSM-1V ADHD Subtypes

Contrast set 1 Contrast 1 Contrast 2
ADHD diagnostic subtype

| nattentive 1 1
Hyperactive-impulsive -2 0
Combined 1 -1
Contrast set 2 Contragst 1a Contrast 2a
ADHD diagnostic subtype

| nattentive 2 0
Hyperactive-impulsive -1 -1
Combined -1 1




) Table 3. Contrasts among the DSM-1V ADHD Subtypes on Gender Ratios and Mean Age

ADHD/IT +CT ADHD/IT
VS. VS. Significant pairwise
Contrast set 1 ADHD/HT ADHD/CT group differences
p OR?*/h® p OR?/h®
Child’s sex 114 1.20° .039* 1.32% CT>IT
(% of males)
Mean age <.001*** 056° < .001*** .060° IT+CT>HT;IT>CT
ADHD/IT ADHD/HT
VS. VS. Significant pairwise
Contrast set 2 ADHD/HT + CT ADHD/CT group differences
p OR?*/h® p OR?*/h®
Child’ s sex 334 1.05% .041* 1.51° CT>HT
(% of males)
Mean age <.001*** 103" .008** 025" IT>HT +CT; CT >HT

Note. ADHD/IT = Attention-Deficit/Hyperactivity Disorder, Inattentive Type; ADHD/CT = Combined Type; ADHD/HT = Hyperactive-lmpulsive Type.
30dds Ratio (OR); ° Eta-squared (h?) = effect size calculated for contrasts.

*p < .05; **p < .0L; ***p < .001.



Table 4. Contrasts among the DSVI-1V ADHD Subtypes on Essential and Overlapping Symptom Scales

ADHD/IT ADHD/CT  ADHD/HT

Omnibus F Significant pairwise
Symptom scales Mean (D) Mean(SD) Mean (D) p-value group differences
Inattention 2.81(.62) 3.10 (.56) 1.40 (.66) <.001 IT+CT>HT;IT<CT;IT>HT+CT; HT <CT
Hyp-imp. .95 (.68) 2.92 (.63) 2.77 (.58) <.001 IT+CT<HT;IT<CT;IT<HT+CT
CD 27 (.31) 51 (.45) 41 (.37) <.001% IT<CT;IT<HT+CT
OoDD 1.36 (1.00) 2.31(1.049) 231(1.11) <.001 IT+CT<HT;IT<CT;IT<HT+CT
MDD 45 (.49) .73 (.59) .36 (.41) <.001% IT+CT>HT;IT<CT;HT<CT
GAD 52 (.53) .84 (.70) .55 (.56) <.001°% IT<CT;IT<HT+CT;HT<CT
SAD .18 (.40) .39 (.57) 27 (.39) .006° IT<CT;IT<HT+CT
Agoraphobia .08 (.23) 20 (.41) 12 (.33) .020° IT<CT;IT<HT+CT
Panic .03 (.08) .03(.11) .05 (.12) 299
Specific phobia .28 (.33) 41 (.43) 31 (.37) 0222 IT <CT; IT <HT + CT (Trend)
Social phobia .56 (.66) 59 (.77) .60 (.83) 472
Obsessions 14 (.29) 37 (.59) .26 (.31) .002° IT<CT;IT<HT+CT
Compulsions .08 (.27) .19 (.40) .20 (.35) 0382 IT<CT;IT<HT+CT

Note. ADHD/IT = Attention-Deficit/Hyperactivity Disorder, Inattentive Type; ADHD/CT = Combined Type; ADHD/HT = Hyperactive-lmpulsive Type;
Hyp-imp. = hyperactive-impulsive symptoms; CD = Conduct Disorder; ODD = Oppositional Defiant Disorder; MDD = Major Depressive Disorder;
GAD = Generalized Anxiety Disorder; SAD = Separation Anxiety Disorder.

indicates significant Levene' stest; thus, results of contrast tests were adjusted based on a model that does not assume equal variances.
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Table 5. Tests of Association among DSM-1V ADHD Subtypes and DRD4 and 5-HTT

ADHD/IT +CT ADHD/IT
Contrast st 1 VS, VS,
ADHD/HT ADHD/CT
p OR p OR Significant planned
comparisons
DRD4 (controlling for ethnicity only) .028** 1.95 .039** 1.36 IT+CT>HT;CT>IT
DRD4 (controlling for ethnicity, sex X age) .035** 1.90 013** 1.52 IT+CT>HT;CT>IT
5-HTT (controlling for ethnicity only ) .068° 1.26 .066* 1.25 IT+CT>HT;IT>CT
ADHD/IT ADHD/HT
Contrast set 2 VS, VS,
ADHD/HT + CT ADHD/CT
p OR p OR Significant planned
comparisons
DRD4 (controlled for ethnicity only) 182 1.20 .014** 3.19 CT>HT
DRD4 (controlled for ethnicity, sex X age) 294 1.12 .014** 3.24 CT>HT
5-HTT (controlled for ethnicity only ?) .020** 1.26 160 1.27 IT>HT +CT

Note. *When sex, age, agez, and sex X age, and sex X age2 interactions were tested as covariates in the 5-HTT-ADHD association analyses, none of the

sex and age terms were significant, and thus, were subsequently dropped from the model.

*p<.10; **p < .05.
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Abstract
Heterogeneity within the attention-deficit/hyperactivity disorder (ADHD) diagnosis
likely accounts for some inconsistent findings in molecular genetic studies of ADHD.
One approach to reducing diagnostic heterogeneity is to differentiate ADHD on the basis
of comorbid conditions. The objective of this study was to examine the external validity
of an alternative ADHD phenotype based on co-occurring symptoms of externalizing and
internalizing disorders. The sample included 372 children (ages 5 — 18) who were
recruited as part of an ongoing study on the genetics of ADHD. Probands, their siblings,
and parents were genotyped for a variable number of tandem repeats (VNTR) in exon 3
of dopamine D4 receptor gene (DRD4) and an insertion / deletion polymorphism in the
promoter region of the serotonin transporter gene (5-HTTLPR). Ordinal logistic
regression analyses revealed no significant evidence of association between the overall
ADHD diagnosis and the DRD4 7-repeat allele (p = .398) or the 5-HTTLPR long allele (p
=.219). In contragt, there was significant evidence suggesting that co-occurring
symptoms of conduct disorder moderated the ADHD-DRDA4 relation, such that a stronger
association between ADHD and DRD4 (p = .036, OR = 2.9) was found in children with
both ADHD and elevated conduct disorder symptoms. There was also significant
evidence of a moderating influence of co-occurring symptoms of anxiety, whereby a
stronger association between ADHD and 5-HTTLPR (p = .044, OR = 1.5) was found in
children with higher levels of anxiety. These findings suggest that co-occurring
symptoms of conduct disorder and anxiety may bolster detection of associations between

ADHD and candidate genes such as DRD4 and 5-HTTLPR.
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Reexamining the Associations of DRD4 and 5-HTT with ADHD Using an Alternative
Comorbid ADHD Phenotype
Attention-deficit/hyperactivity disorder (ADHD) is a prevalent childhood-onset
psychiatric condition characterized by impairing symptoms of inattention, overactivity,
and impulsiveness. The Diagnostic and Satistical Manual of Mental Disorders — 4™
Edition (DSM-1V) (APA, 1994) defines three subtypes of ADHD based on the degree to
which an individual exhibits symptoms of the two underlying symptom dimensions of
inattention and hyperactivity-impulsivity, namely the Predominantly Inattentive Type
(IT), Predominantly Hyperactive-lmpulsive Type (HT), and Combined Type (CT).
Family, twin, and adoption studies have consistently shown strong evidence to
suggest that substantial genetic influences are contributing to ADHD, with heritability
estimates ranging from 60 to 90% (Waldman & Rhee, 2002). Despite strong and
consistent evidence for genetic influences on ADHD, candidate gene studies of ADHD
have yielded mixed findings across studies. Furthermore, though several candidate genes
have shown evidence of replicable associations with ADHD, including the dopamine
transporter gene (DAT1), the dopamine D4 and D5 receptor genes (DRD4 and DRD5,
respectively), and the serotonin transporter gene (5-HTT), the effect sizes of these
associations have been relatively small (Faraone & Khan, 2006; Waldman & Gizer,
2006). In arecent review of molecular genetic studies of ADHD, for example, Faraone et
al. (2005) reported that seven genes have shown replicable evidence of significant
association with ADHD on the basis of pooled odds ratios (OR) across 3 or more studies,
with ORs ranging from 1.1 to 1.4 (an OR of 1.0 indicates no association between ADHD

and the putative risk allele).
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Before advances in molecular genetics can be maximally utilized to further our
understanding of the genetic and environmental risk factorsthat give rise to child
psychiatric disorders, accurate and valid characterization of the psychopathological
phenotypes is necessary (Lahey et al., 2004). A number of investigators have described
ADHD as a heterogeneous condition with regard to its variability in the presentation of core
symptoms, itsclinical correlates (e.g., demographic characteristics, rates of comorbidity,
outcome), and arguably its etiology (Faraone et al., 1995; Hechtman, 1999; Jensen, Martin, &
Cantwell, 1997; Newcorn et al., 2001; Todd, 2000). Although there isincreasing recognition
that the phenotypic heterogeneity within ADHD may compromise the validity of this
diagnosis and complicate itstreatment (Jensen et d., 1997), the majority of molecular
genetic studies have investigated the relation between a gene of interest and the
categorical ADHD diagnosis (Kirley et al., 2004). Thus, tests of association conducted
using just the categorical diagnosis of ADHD might mask a significant effect if the
candidate gene is associated only with certain aspects of the ADHD phenotype (e.g., a
particular diagnostic subtype or comorbid subgroup).

Notably, thereis preliminary evidence suggesting that some candidate genes for
ADHD may be preferentially related to one symptom dimension or diagnostic subtype,
rather than the disorder as awhole. For example, several studies have suggested a
stronger relation between DRD4 and the IT aswell as with inattentive (rather than
hyperactive-impulsive) symptoms (Lasky-Su et al., 2008; McCracken et al., 2000; Rowe
et a., 1998). In contragt, studies examining the relation between 5-HTT and ADHD have
found 5-HTT to be preferentially associated with hyperactive-impulsive symptoms and

the CT (Manor e al., 2001; Seeger, Schloss, & Schmidt, 2001).
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An alternative approach for reducing the degree of diagnostic heterogeneity in the
ADHD phenotype isto gratify ADHD groups by the presence of co-occurring disorders,
such as oppositional defiant disorder (ODD), conduct disorder (CD), depressive
disorders, and anxiety disorders (e.g., Faraone et al., 1995). Thereisagrowing body of
research focused on identifying more homogeneous subgroups of children with ADHD based
on differing profiles of comorbid conditions (e.g., Faraone, Biederman, & Friedman, 2000;
Hinshaw, 1987; Jensen et al., 1997; Neuman et al., 2001; Newcorn et al., 2001).
Furthermore, the high rates of co-occurrence of other psychiatric disordersin ADHD may
reflect underlying genetic heterogeneity (Smalley et a., 2000). Thus, it seems axiomatic
that methods aimed at reducing heterogeneity in ADHD by discriminating among
common comorbid conditions would enhance the power to detect associations between
genes and ADHD.

Thereisinitial evidence to suggest that stratifying ADHD groups by the presence
of co-occurring conditions indeed may be an effective means of revealing associations
between candidate genes and ADHD that otherwise would remain undetected if the
phenotype were solely defined as a unitary diagnostic construct (e.g., Caspi et al., 2008;
Holmeset al., 2002; Kirley et al., 2004). First, Holmes et al. (2002) reported asignificant
association between the 7-repest alele of DRD4 and ADHD with comorbid “conduct
problems’ (i.e., broadly defined by ODD and at least one symptom of CD), whereas analyses
of thetotal ADHD sample yielded negative results. In an expanded subset of the original
sample described by Holmes and colleagues, Kirley et d. (2004) also found asignificant
association between the DRD4 7-repest allele and ADHD with comorbid ODD, whereas no

association was detected between DRD4 and the overall ADHD sample.
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Mogt recently, Caspi et a. (2008) examined the relation between antisocial behavior
and the catchol O-methyltransferase gene (COMT) in three independent samples of children
diagnosed with ADHD. Caspi and colleagues did not find evidence for significant association
between the COMT valine/methionine (Va/Met) polymorphism and antisocial behavior
among children without ADHD, nor between the Va/Met variant and ADHD. In contrast,
there was evidence for significant association between antisocial behavior and the Val/Met
variant among children diagnosed with ADHD, suggesting the association between antisocial
behavior and genotype was conditional on ADHD diagnosis. Thus, the authors concluded
that the COMT Va/Met variant influenced phenotypic variation within children diagnosed
with ADHD and helped to identify a subset of these children who exhibit antisocial behavior.

Given preliminary evidence that the identification of more phenotypically
homogeneous subgroups within the overall ADHD diagnosis may enhance our ability to
detect associations with candidate genes, the primary aim of the current study isto
examine an alternative ADHD phenotype based on co-occurring symptoms of
externalizing and internalizing disorders. Furthermore, this study tests whether the
proposed comorbid ADHD phenotype enhances the external validity of ADHD, asa
function of including co-occurring symptom dimensions, over and above the extant DSM-
IV subtyping system. Specifically, the DSM-1V ADHD subtypes were compared with
ADHD accompanied by comorbid conditions on the basis of several external validity
indicators, including genetic associations with DRD4 and 5-HTT, gender composition,
and mean age. Three “comorbid conditions” were designated as follows: 1) ADHD X

ODD/CD, 2) ADHD X Distress (i.e., major depressive disorder (MDD), generalized
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anxiety disorder (GAD), and social phobia), and 3) ADHD X Fear (i.e., separation
anxiety disorder (SAD), specific phobias, obsessions, compulsions).

The rationale for using composite variables comprised of externalizing and
internalizing symptoms largely stems from recent research on the factor structure of
psychopathology (Krueger, 1999; Lahey et al., 2004) and related behavior genetic
findings (Kendler et al., 2003). Krueger (1999) conducted a series of confirmatory factor
analyses (CFAs) of DSM-111-R (APA, 1987) diagnoses in the National Comorbidity
Study dataset (i.e., a population-based sample of adults). The CFA revealed that the
model that best fit the data contained three factors, consisting of an Externalizing
dimension (alcohol dependence, drug dependence, antisocial personality disorder), an
Anxious-Misery dimension (MDD, dysthymia, GAD), and a Fear dimension (panic
disorder, agoraphobia, social phobia, simple phobia). The latter two factors were srongly
correlated and therefore defined a high-order Internalizing dimension. Similarly, Krueger
and Markon (2006) labeled these separate, but highly correlated internalizing factors as
Distress and Fear. More specifically, the authors delineated Distress as a liability to
major depression, dysthymia, and GAD versus Fear as a liability to panic disorder and
the phobic disorders.

Lahey et a. (2004) examined the structure of psychopathology in alarge,
representative child and adolescent sample using principal factor analysis. Lahey and
colleagues’ findings were largely consistent with the adult studies, most notably
indicating that certain facets of anxiety (SAD, fears, obsessions, and compulsions) are

reasonably distinct from depression, whereas other types of anxiety (GAD and perhaps
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social anxiety) are so highly correlated with depression that they appear to be part of the
same dimension.

Furthermore, Kendler et al. (2003) conducted behavior genetic analyses using
data from the Virginia Twin Registry to examine the structure of genetic and
environmental risk factorsthat give rise to common psychiatric disorders. Kendler et al.’s
findings supported the phenotypic structure of adult psychiatric disorders proposed by
Krueger, wherein the structural model of genetic risk factors also suggested the presence
of three underlying dimensions (i.e., Externalizing, Anxious-Misery (or Distress), and
Fear). For the purposes of the current study, the critical finding from Kendler and
colleagues’ work is that acommon set of genetic influences underlie MDD and GAD,
whereas a different set of genetic influences underlie other anxiety disorders (e.g.,
specific phobias). Notably, panic disorder did not load strongly with phobic disorders as
predicted by Krueger’s (1999) CFA results.

The first candidate gene included in this study codes for the dopamine D4
receptor (DRD4). Initial reports of an association between the personality trait of novelty
seeking and DRD4 (Ebstein et al., 1996; Benjamin et a., 1996) stimulated further
investigations of DRD4 as a genetic susceptibility factor for ADHD (see Schinkaet al.,
2002 for meta-analysis of DRD4-novelty seeking association). Neuroimaging and
neuropsychological studies have implicated frontal-subcortical pathways in the
pathophysiology of ADHD, pathways that control attention and motor behavior and in
which dopamine D4 receptors are prevalent (Faraone & Biederman, 1998). The
association and linkage of ADHD with a 48-bp variable number of tandem repeats

(VNTR) sequence in exon 3 of DRD4 has been examined in numerous studies. Despite
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conflicting findings regarding this association across independent studies, three recent
meta-analyses have demonstrated overall strong support for a significant association
between the DRD4 7-repeat alele and ADHD (Faraone, Doyle, Mick, & Biederman,
2001; Faraone et al., 2005; Maher, Marazita, Ferrell, & Vanyukov, 2002). Specifically,
all three meta-analyses yielded statistically significant results for the association between
ADHD and DRD4, with pooled ORs ranging from 1.4 — 1.9 for case-control studies and
from 1.2 — 1.4 for within-family studies.

Asreviewed above, there is also preliminary evidence suggesting that the DRD4
7-repeat alele may confer even greater risk for children with ADHD who also have
concurrent symptoms of ODD and CD (e.g., Holmes et a., 2002; Kirley et al., 2004).
Considering the well documented associations between DRD4 and the disruptive
behavior disorders, as well as the personality trait of novelty seeking, a significant
relation between the DRD4 7-repesat alele and internalizing behaviors (e.g., anxiety,
depression, social withdrawal) might seem counterintuitive. Infact, studies investigating
possible associations between DRD4 and depressive and anxiety disorders have yielded
largely negative results (e.g., see Hamilton et al., 2000 and Kennedy et al., 2001 for
anxiety disorders; see Frisch et al., 1999 and Serretti et al., 2002 for depressive
disorders). Inaddition, arecent meta-analysis by Lopez Leon et al. (2005) examined the
association between MDD and the DRD4 7-repesat allele, revealing significant
undertransmission of the 7-repeat allele in depressed subjects (pooled OR = .70, p = .02).

The second candidate gene included in the present study is the serotonin
transporter gene (5-HTT), which isresponsible for the reuptake of serotonin from the

synaptic cleft back to the presynaptic neuron. The serotonin neurotransmitter system has
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been hypothesized as a causal factor underlying ADHD given evidence relating
serotonergic dysregulation to avariety of behaviorsrelevant to ADHD, including
impulsivity, aggression, and disinhibition (Halperin et al., 1997; LeMarquand et a.,
1998; Lucki, 1998; Spivak et al., 1999). Several studies of association and linkage
between 5-HTT and ADHD recently have been published, many of which have focused
on a44-bp insertion / deletion in the promoter region of the gene characterized by long
and short variants with demonstrated functional consequence. Specifically, the short
allele of the 5-HTT-linked promoter region polymorphism (5-HTTLPR) appearsto be
associated with decreased serotonin reuptake, whereas the long allele appears to be
associated with more rapid serotonin reuptake, thus lower levels of active serotonin
(Lesch et al., 1996; Neumeister et al., 2004). Asistypical in the field of psychiatric
genetics, studies of the association between the 5-HTTLPR and ADHD have yielded
inconsistent results. Nonetheless, Faraone et a.’s (2005) meta-analysis of the association
between 5-HTTLPR and ADHD revealed a significant but weak positive association,
wherein the pooled OR for the long allele was 1.3 (95% ClI, 1.09-1.59).

In addition, thereisinitial evidence providing support for a significant association
between the 5-HTTLPR and CD or antisocial behavior, though the findings have been
somewhat inconsistent. Seeger et al. (2001) found evidence of significant over-
representation of the long allele of the 5-HTTLPR in children diagnosed with ICD-10
(World Health Organization, 1992) hyperkinetic disorder (HD) with comorbid CD, as
compared with controls. More importantly, Seeger et a. demonstrated a stronger
association of the homozygous long (LL) genotype with HD without comorbid CD

relative to HD with CD, suggesting that ADHD symptoms are predominantly driving this
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association (Retz et al., 2008). Similarly, in a pediatric sample selected for high levels of
aggression, Beitchman et al. (2003) found that those children diagnosed with ADHD
were significantly more likely to possess one or two copies of the long allele as compared
with those without ADHD. There was no evidence for a significant association between
the 5-HTTLPR and aggression, however. Similarly, Sakai et a. (2007) aso failed to
detect a significant association between the 5-HTTLPR and conduct problems or
delinquency.

In contrast, several recent sudies have reported an association between the short
allele of the 5-HTTLPR and violence, aggression, or conduct problems (Gerraet al.,
2005; Haberstick et a., 2006; Liao et a., 2004; Retz et a., 2004; Sakai et al., 2006).
Interestingly, Retz et al. (2004) found an overall slight excess of the long allele of the 5-
HTTLPR in a forensic sample of adults who reported a childhood history of ADHD, but
there was a relative overtransmission of the short allele among individuals with a history
of recurrent violent behavior as compared with those without such a history. This pattern
of findings suggeststhat the long and short variants of the 5-HTTLPR may confer risk for
different psychopathological outcomes, such that the long allele is associated with greater
risk for ADHD and related legal problems, whereas the short alele is associated with
greater risk for violent criminal offences (Retz et d., 2004).

The internalizing disorders and related personality traits have been the focus of a
large number of 5-HTTLPR association studies, given that 5-HTT is the target site for the
selective serotonin reuptake inhibitors (SSRIs) which are commonly prescribed for the
treatment of depression and anxiety. A recent meta-analysis of 10 studies by Lotrich and

Pollock (2004) showed a dight positive association between the SS genotype and MDD
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in adult samples (OR = 1.2, p <.05). Overall, the evidence for a direct association
between 5-HTT and MDD has been inconsistent, but several recent studies of gene-
environment interactions have yielded promising findings. There is mounting evidence
suggesting that 5-HTTLPR variation moderates the relation between stressful life events
and depression, such that the short allele confers a marked vulnerability to depression
only in individuals with histories of significant recent environmental stress (e.g., Caspi et
al., 2003; Kaufman et a., 2004; Kendler et a., 2005; Zalsman et al., 2006).

The results of studies examining the association between the 5-HTTLPR and
specific anxiety disorders have been largely negative, with a few exceptions. Asan
example, McDougle et a. (1998) reported a significant association between the long
allele of the 5-HTTLPR and OCD (p < .03) and You et a. (2005) found a greater
frequency of the SS genotype among GAD patients as compared with control subjects
(OR = 2.3, p<.05). Interestingly, several recent studies have investigated the relation of
5-HTT and fear-related traits in children, including shyness (e.g., Arbelle et al., 2003;
Battaglia et al., 2005; Hayden et al., 2007; Jorm et al., 2000), behavioral inhibition (Fox
et a., 2005), and fearfulness (Auerbach et a., 2001; Hayden et al., 2007). These initial
investigations have yielded conflicting findings with respect to the role of the 5-HTTLPR
in regulating fear-related traits in childhood, with several studies suggesting the short
allele is associated with higher levels of fearfulness and inhibition (Battaglia et al., 2005;
Fox et al., 2005; Hayden et al., 2007), whereas other studies have suggested stronger
association with the long allele (Arbelle et a., 2003; Auerbach et al., 2001; Jorm et al.,

2000).
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The common co-occurrence of ADHD, ODD, and CD has been consistently reported
in epidemiological aswell asclinical samples, with an estimated 30 - 45% of children
diagnosed with ADHD also having concurrent ODD and 20% having concurrent CD
(Acosta, Arcos-Burgos, & Muenke, 2004; Biederman, Newcorn, & Sprich, 1991). Findings
from both family and twin studies suggest that much of this overlap among externalizing
disorders can be atributed to a common genetic etiology (e.g., Coolidge, Thede, & Y oung,
2000; Dick, Viken, Kaprio, Pulkkinen, & Rose, 2005; Faraone et al., 1998; Nadder, Silberg,
Eaves, Maes, & Meyer, 1998; Silberg et al., 1996). Infact, some investigators have found
that the genetic correlation between ODD and CD is sufficiently high to argue that these
symptoms are part of ajoint construct (e.g., Eaves et a., 2000; Nadder, Rutter, Silberg, Maes,
& Eaves, 2002), though other studies have provided evidence for the distinction between
ODD and CD (e.g., Burnset a., 1997; Loeber, Lahey, & Thomas, 1991; Waldman, Rhee,
Levy, & Hay, 2001).

The extant literature is mixed as to whether the subgroup of individuals with both
ADHD and comorbid conduct disorder (ADHD + CD) represents a quantitative co-
occurrence or an etiologically digtinct subtype (e.g., Faraone et a., 1997). The ICD-10
(World Health Organization, 1992) already classifies children in a separate diagnostic
category (i.e., “hyperkinetic conduct disorder”) if they fulfill diagnogtic criteria for both
hyperkinetic disorder and conduct disorder. There is some clinical support for this distinction,
based on evidence suggesting that ADHD + CD isamore severe condition with aworse
outcome than either disorder alone (e.g., Barkley et d., 1990; Jensen et al., 1997; Kuhne et
al., 1997). Additionaly, results from family studies have suggested that the co-occurrence of

ADHD + CD represents adistinct familial type of ADHD (Faraone et al., 2000). In contrast,
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Thapar, Harrington, and M cGuffin (2001) used aliability threshold model approach to
examine how the ADHD + CD group is genetically related to ADHD in a population-based
twin study. Their results provided support for the notion that ADHD + CD isaquarntitative
variant of ADHD, associated with higher genetic loading and higher clinical severity, rather
than adistinct subtype of ADHD.

In contrast to the well documented co-occurrence of childhood externalizing
disorders (ADHD, ODD, and CD), the co-occurrence of internalizing disorders
(depression and anxiety) with ADHD has been less recognized and understudied.
Nonetheless, both clinical and epidemiological studies have shown that children with
ADHD also frequently experience co-occurring symptoms of anxiety and depressive
disorders, though prevalence estimates have varied considerably across studies
(Bauermeister et a., 2007). Many studies of ADHD have shown rates of comorbid
anxiety disordersto be as high as 25% (Schatz & Rostain, 2006), whereas the estimated
prevalence of depressive disorders in children diagnosed with ADHD ranges from 10 -
20% (Biederman, Newcorn, & Sprich, 1991).

Several family genetic studies have examined the inheritance pattern of ADHD
and anxiety disorders (Biederman, Faraone, Keenan, Steingard, & Tsuang, 1991;
Biederman et al., 1992; Perrin & Last, 1996). Results from these studies revealed that the
relatives of ADHD probands with anxiety disorders showed a similar risk for ADHD but
an elevated risk for anxiety disorders, as compared with the relatives of ADHD probands
without anxiety disorders. The degree of ADHD-anxiety disorder comorbidity among
relatives of probands diagnosed with both ADHD and anxiety disorder did not exceed

levels expected by chance, however, suggesting that the two disorders are independently
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transmitted in families (Biederman et al., 1992). Although these findings are inconsistent
with the notion that ADHD + anxiety disorder represents a distinct familial subtype,
Jensen et a. (1997) highlighted evidence that suggests the co-occurrence of ADHD and
anxiety is indeed associated with qualitatively different patterns of treatment response,
severity, and outcome. In support of Jensen and colleagues argument for the addition of
an “ADHD, anxious subtype,” laboratory studies have demonstrated that children with
ADHD and anxiety tend to exhibit less off-task and hyperactive behavior as well as
longer reaction times than children with ADHD only (Pliska et al., 1999). Thus, severa
investigators have proposed that a subgroup of children with concurrent ADHD and
anxiety may experience decreased impulsivity but increased difficulties on tasks
requiring attention, as compared with children with ADHD only (reviewed in Schatz &
Rostain, 2006).

Biederman and colleagues have also examined the shared familial risk for ADHD
and depressive disorders using the family genetic study design (Biederman, Faraone,
Keenan, & Tsuang, 1991; Biederman et a., 1992). Their familial risk analyses revealed
that relatives of ADHD probands with and without MDD showed significantly elevated
risk for both ADHD and MDD, when compared with relatives of control subjects.
Among the relatives of children diagnosed with ADHD and MDD, however, different
relatives accounted for the risks for each disorder. This set of findings is most consistent
with the hypothesis that ADHD and MDD share common familial etiologic factors,

though the disorders appear to be transmitted independently.
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Sudy Goals and Hypotheses

As previously mentioned, the overarching goal of the current study isto test
whether the proposed aternative comorbid ADHD phenotype (ADHD X ODD/CD,
ADHD X Distress, ADHD X Fear) increases the external validity of ADHD over and
above the extant DSM-IV subtyping system. Therefore, the first specific aim of this study
isto evaluate how putatively homogenous composites of co-occurring externalizing and
internalizing symptoms moderate the association between ADHD and two candidate
genes (viz., DRD4 and 5-HTT). Relatedly, the second specific aim involves comparing
these two representations of the ADHD phenotype with regard to their corresponding
strength of association with DRD4 and 5-HTT. Thus, the magnitude of genetic
association serves as an external validity criterion on which to compare the DSM-IV
ADHD diagnostic subtypes versus the proposed comorbid conditions. Finally, the third
specific aim evaluates whether or not the proposed comorbid conditions can be
differentiated on the basis of additional external validity indicators, including gender
ratios and mean age. Following from the specific aims outlined above, three setsof a
priori hypotheses were tested:

Hypothesis 1. We hypothesized that the magnitude of the association between
ADHD and the DRD4 7-repeat alele would be (a) strengthened by the inclusion of
moderating levels of ODD/CD (e.g., Holmes et al., 2002; Kirley et al., 2004) and (b)
unaffected or weakened by the inclusion of moderating levels of Distress (e.g., Lopez
Leon et al., 2005) and Fear (e.g., Hamilton et al., 2000; Kennedy et al., 2001). It was
further predicted that the magnitude of the association between ADHD and the long allele

of the 5-HTTLPR would be strengthened with the inclusion of moderating levels of
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ODD/CD (e.g., Seeger et a., 2001; Cadoret et al., 2003), aswell as Fear (e.g., Arbelle et
al., 2003; Auerbach et al., 2001; Jorm et a., 2000; McDougle et al., 1998). On the other
hand, it was hypothesized that the magnitude of the association between ADHD and the
long allele of the 5-HTTLPR would be weakened or unchanged with the inclusion of
moderating levels of Distress, given evidence suggesting that MDD and GAD are more
strongly related to the short variant of 5>-HTTLPR (e.g., Lotrich & Pollock, 2004; Y ou et
al., 2005).

Hypothesis 2. We hypothesized that the proposed alternative comorbid conditions
(ADHD X ODD/CD, ADHD X Distress, ADHD X Fear) would show distinct patterns of
association with DRD4 and 5-HTT that are at least as distinguishable as the DSMVI-1V
ADHD subtypes, if not more so. In addition, we predicted that differences in genetic
association among the DSM-1V ADHD subtypes would be strengthened with the addition
of moderating influences of the externalizing and internalizing composite variables.

Hypothesis 3. It was predicted that children with the ADHD X ODD/CD
comorbid condition would show a higher proportion of males compared with the ADHD
X Disgtressand ADHD X Fear comorbid conditions, based on developmental evidence
demonstrating higher rates of externalizing disordersin boys than girls and roughly
equivalent rates of internalizing disorders in boys and girls prior to adolescence (Crick &
Zahn-Waxler, 2003). It was further predicted that children with the ADHD X Distress
and ADHD X Fear comorbid conditions would show a higher mean age as compared
with ADHD X ODD/CD, based on evidence documenting that externalizing problems are
referred for assessment/treatment at an earlier age than internalizing problems due to their

more disruptive nature (Gaub & Carlson, 1997; Gilliom & Shaw, 2004).



81

Method
Participants
The full sample included 372 children from 233 families recruited through the
Center for Learning and Attention Deficit Disorders (CLADD) at the Emory University
School of Medicine in Atlanta, Georgia and through psychiatrists in private practice in
Tucson, Arizona. Children (i.e., probands) were assessed and/or treated for atention-
deficit disorders, related behavioral disorders, and/or learning problems at these two sites.
Both male and female siblings of the probands were also sampled whenever possible.
The institutional review boards of Emory University and the University of
Arizona approved the study protocol, and appropriate informed consent was obtained for
all participants at both sites. Families were presented with and given the option to sign a
form indicating that they agreed to be contacted for future research while they were being
seen at either of the two clinics. Families who consented were then contacted by phone,
presented with details regarding the study, and asked if they would like to participate.
Prior to all assessments, all family members were given copies of the informed consent
formtoread. All participating children were given an age-appropriate verbal description
of what the study entailed and those children who could read and write also read and
signed a written assent form. The parents signed the informed consent forms and also
signed for their children who were too young to read. Families who agreed to participate
were assessed in their homes over the course of a single three-hour period. Probands and
their siblings were comprehensively assessed on lab measures of executive functions and

attention while their parents completed questionnaires assessing the demographic



82

characteristics of the family, as well as symptoms associated with commonly diagnosed
childhood psychiatric disordersin their children.

Children diagnosed with autism, traumatic brain injury or other neurological
conditions (e.g., epilepsy), or an 1Q < 75 were excluded from participation in the study.
The participants in this study represent an expanded sample that has been previously
published on (e.g., Waldman et al., 1998; Rowe et al., 1998). Demographic
characteristics of the current sample are presented in Table 1. The children ranged in age
from 5 to 18 years, with an average age of 10.5 years (D = 3.3) at the time of
assessment. The overall sample included 254 boys (68%) and 118 girls (32%). The
racial/ethnic composition of the sample was 78% Caucasian, 9% African-American, 2%
Hispanic/Latino, and 11% mixed ancestry. Of the 237 (64%) children who met DSM-IV
criteriafor ADHD, the rates of subtype diagnosis were as follows: 34% IT, 56% CT, and
10% HT.

Assessment Procedures

Parent ratings were obtained for probands and their siblings (whenever possible)
using the Emory Diagnostic Rating Scale (EDRS), which was developed in our lab
(Waldman et a., 1998) to assess DSM-1V symptoms of the major childhood psychiatric
disorders. These include symptoms of the disruptive behavior disorders (i.e., ADHD,
CD, and ODD), aswell as internalizing disorders such as major depression, dysthymia,
and anxiety disorders. Each symptom of a given disorder corresponds to a specific item
ontherating scale. Children were rated by their parents on a 0-4 scale, in which a score
of O indicates that the symptom is“not at all” characteristic of the child and a score of 4

indicates that the symptom is “very much” characteristic of the child. Average symptom
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dimension scores were calculated for each major childhood disorder by summing the item
scores (0-4) comprising each scale and dividing by the total number of scale items. The
symptom scales allow quantitative assessments of the disorders, asthey distinguish
severity and number of symptoms over a broad range.

ADHD diagnoses were derived from cut-off scores on the continuous symptom
dimensions in accordance with DSM-IV diagnostic criteria. Probands and their siblings
were assigned an ADHD subtype diagnosis if they surpassed the standard diagnostic
thresholds (i.e., > 6 of 9 symptoms) on the inattention and/or hyperactivity-impulsivity
symptom dimensions at the moderate severity level (i.e., a score of 2 or higher on each
individual symptom). Specifically, children who were above threshold only on the
inattentive symptom dimension were diagnosed with I T, children who were above
threshold only for the hyperactive-impulsive symptom dimension were diagnosed with
HT, and children who were above threshold on both symptom dimensions were
diagnosed with CT.

All diagnoses were based on mother’s symptom ratings, except in cases where
mother ratings were unavailable in which case father ratings were substituted. The
decision to primarily use mother ratings was largely based on the fact that father ratings
were unavailable for alarge percentage of the sample and based on evidence
demonstrating mothers superior validity as informants (e.g., Coffman, Guerin, &
Gottfried, 2006). Furthermore, maternal reports of ADHD symptoms have consistently
yielded high heritability estimates (Thapar, Holmes, Poulton, & Harrington, 1999). The
internal consistency reliabilities of both the inattentive and hyperactive-impulsive

symptom dimensions were high (a = .96 and .95, respectively).



Definition of composite variables. Given evidence that major depression,
dysthymia, GAD, and perhaps social phobia share common etiologies (Kendler et a.,
2003; Lahey et d., 2004), dong with the fact that the base rates of these co-occurring
disorders arerelatively low in this clinic-referred ADHD sample, a decision was made to
create several composite variables to bolster the power of the analyses. As described
above, the composite variables were formed on the basis of the dimensional structure
indicated by Krueger (1999), Kendler et a. (2003), Krueger & Markon (2006), and
Lahey et al.’s (2004) findings. Thus, the “Distress’ composite consists of average
symptom counts of MDD, GAD, and social phobia. The “Fear” composite consists of
average symptom counts of four anxiety disorder symptom dimensions, viz., SAD,
specific phobias, obsessions, and compulsions. As its name suggests, the “ODD/CD”
composite consists of average symptom counts of ODD and CD. The internal consistency
reliabilities of all three composite variables were high (a = .90 for the “Distress”
composite, a = .91 for the “Fear” composite, and a = .93 for the “ODD/CD” composite).

The rationale for using continuous co-occurring symptom dimensions rather than
categorical diagnoses in these analyses rests on the fact that considerable information
would be lost if individuals were only classified as “affected” or “unaffected” for each
co-occurring disorder. Furthermore, using a dimensional approach to examine the
moderating effects of co-occurring symptoms of externalizing and internalizing disorders
should enhance the power to detect significant differences in the strength of association
between ADHD and the selected candidate genes, particularly for the internalizing
disorders which have relatively low base rates in this sample.

DNA Caollection, Extraction, and Genotyping Procedures
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Probands, their siblings, and parents were genotyped for the 48-bp VNTR in exon
3 of DRD4 and the 5-HTTLPR 44-bp insertion / deletion polymorphism. The technique
used to collect DNA changed during the course of the study, in order to facilitate the
extraction process and increase the yield of DNA. The DNA collection procedures have
included the use of sucrose solution washes and buccal brushes to collect buccal cells, as
well as Oragene™ DNA self-collection kits to obtain saliva samples (DNA Genotek,
Inc.). At the end of the study visit, the DNA samples were immediately refrigerated and
transported to the Center for Medical Genomics at Emory University for secure storage
and extraction by lab personnel. Buccal cells were pelleted for ten minutes at 2,000 g and
the DNA was extracted using a QIAmp Tissue kit (Qiagen), according to the
manufacturer’s protocol. The samples were then preserved in TE (10 mM Tris Hcl, 1mM
EDTA).

The preserved samples were sent to two laboratories for polymerase chain
reactions (PCR) amplification of the DRD4 and 5-HTTLPR markers: 1) the University of
Arizona's Laboratory of Molecular and Systematic Evolution in Tucson, AZ and 2) the
Psychiatric and Neurodevelopmental Genetics Unit (PNGU) in the Center for Human
Genetic Research at Massachusetts General Hospital (MGH) in Boston, MA. The 48-bp
VNTR in exon 3 of DRD4 was genotyped by PCR, either according to the protocol
originally described by Lichter et a. (1993) in the laboratory at the University of
Arizona, or more recently, according to an alternate protocol in the laboratory at MGH
(see Appendix for description of alternate protocol). The 5-HTTLPR polymorphism was
genotyped by PCR at MGH, following the procedures outlined in the alternate protocol

(see Appendix). After the genotyping procedures were completed at the University of
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Arizonaand MGH, our lab received Microsoft Excel spreadsheets containing the final
called genotypes for all samples.
Analyses

Specific Aim 1. The strength of association between ADHD and each candidate
gene (DRD4, 5-HTT) was evaluated after moderating symptoms of co-occurring
internalizing and externalizing disorders were taken into account. Tests of association
were conducted by using ordinal logistic regression to predict the number of DRD4 and
5-HTT high-risk alleles, dependent on 1) whether a child is diagnosed with ADHD or not,
and 2) the level of continuous co-occurring symptoms. The child’ s number of high-risk
aleles(i.e., O, 1, or 2 copies) served asthe criterion variable, ADHD diagnostic status
served as the predictor variable, and the continuous co-occurring symptom dimension
composites served as moderating variables (i.e., “ODD/CD,” “Distress,” and “Fear”
composite variables). As recommended by Cohen, Cohen, West, and Aiken (2003, p.
267), the continuous symptom dimensions were centered prior to the creation of the
composite variables and the interaction terms, in order to eliminate nonessential
multicollinearity and to simplify interpretation of the results.

The interaction terms, represented by the product of ADHD diagnostic status and
each co-occurring symptom dimension composite, as well as their constituent main
effects, were included in the regression model. Logistic regression yieldsa Wald's c?
statistic that tests the significance of each individual predictor in the regression model.
Wald's c? also was evaluated for the interaction terms, providing a test of the moderation
over and above the main effects model. The Nagelkerke R? and Odds Ratios (ORs) and

their 95% confidence intervals were reported as measures of effect size.
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Specific Aim 2. The proposed comorbid conditions (ADHD X ODD/CD, ADHD
X Distress, ADHD X Fear) were next compared with the DSM-1V ADHD diagnostic
subtypes with regard to their patterns of association with DRD4 and 5-HTT. Thiswas
tested using ordinal regression as described above in Specific Aim 1, except that the
predictor variable consisted of a priori contrasts anong the ADHD subtypes rather than a
single contrast of ADHD vs. No ADHD diagnosis. This allowed for a direct comparison
of the strength of association between each candidate gene and the DSM-1VV ADHD
subtypes versus ADHD accompanied by comorbid conditions. Two setsof a priori
orthogonal contrasts were tested and are displayed in Table 2. These a priori contrasts
helped to evaluate competing hypotheses regarding whether the candidate genes and
moderating co-occurring symptoms are more strongly related to 1) ADHD as a unitary
diagnostic category, 2) inattentive vs. hyperactive-impulsive symptoms, or 3) one
specific DSM-IV subtype.

Soecific Aim 3. Finally, we evaluated whether or not the proposed alternative
comorbid conditions could be differentiated on the basis of additional external validity
indicators, including gender and age. First, logistic regression analyses using the a priori
contragts outlined in Table 2 were performed to examine possible differences in the
gender composition of the comorbid ADHD conditions. Of primary importance, tests of
moderation were conducted between the first contrast (i.e., ADHD/IT + HT + CT versus
No ADHD diagnosis) and the ADHD comorbid composite variables, with child’ s sex
serving as the criterion variable. Second, planned comparisons were incorporated in
Analysis of Variance (ANOVA) to identify possible age differences among the comorbid

ADHD conditions. Interaction terms between the first contrast (i.e., ADHD/IT + HT +
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CT versus No ADHD diagnosis) and the comorbid composite variables were used to
predict differences in child’s age. Given the directional predictions, one-tailed
significance tests were reported. With respect to the genetic analyses, specific predictions
about the direction of association (including the designation of the high-risk allele) were
based on replicable findings of association with ADHD and comorbid conditions in the
human literature as well as findings from knockout studies in the animal literature, rather
than on known functionality of the alleles.

One possible threat to the internal validity of between-family association methods
is population stratification. In order for population stratification to occur, two conditions
must occur: 1) the allele frequencies must vary across population subgroups (e.g., ethnic
groups) within the study sample and 2) the ethnic groupsthat differ in allele frequency
must also differ significantly with respect to the outcome variable (e.g., rates of disorder
and/or symptom levels) (Hutchinson, Stallings, McGeary, & Bryan, 2004). Therefore,
spurious associations in candidate gene studies may result if the case-control differences
in allele frequencies are due to systematic differences in ancestry rather than the
association of genes with disease. Thus, for all genetic analyses, participants parent-
reported ethnic backgrounds (i.e., % European-American, % African-American, and %
Hispanic) were statistically controlled prior to the primary analysis to minimize possible
confounding owing to population stratification.

Quality control analyses of the genotyping for both genes were conducted using
crosstab analyses in SPSS version 15 (SPSS, Inc., Chicago, IL). These analyses included
estimates of monozygotic twin agreement for genotypes and the concordance of

genotypes between genomic and Whole Genome Amplified (WGA) samples, given that
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genomic as well as WGA DNA samples were available for a subset of subjects (N = 63
and N = 52 for DRD4 and 5-HTT, respectively). Further, call rates and exact Hardy
Weinberg Equilibrium (HWE) tests were estimated using the program PEDSTATS
(Wigginton & Abecasis, 2006).

Results
Quality Control Analyses

Prior to conducting the association analyses, we performed a series of Quality
Control (QC) analyses of the DRD4 and 5-HTT genotype data using our family samples.
The call rate in our sample was 90% and 86% for the DRD4 and 5-HTT markers,
respectively. The concordance of genotypes within monozygotic (MZ) twin pairs (N =
31) yielded an allelic discordance rate of approximately 13% and 5% for the DRD4 and
5-HTT markers respectively. Genotypes from genomic and Whole Genome Amplified
(WGA) DNA samples were compared in a subset of individuals (i.e., N = 63 cases for
DRD4 and N = 52 cases for the 5-HTTLPR) and no discrepancies were revealed for either
marker.

Finally, HWE tests were evaluated for the full sample (including ADHD cases)
versus founders only (equivalent to the probands parents in this study). Marginally
significant departure from HWE was observed for both the DRD4 Exon 3 VNTR (p =
.053) and the 5-HTT promoter polymorphism (p = .045) in the full sample that included
ADHD cases, whereas HWE departure was not detected in foundersonly (p=.191 and p
=.2009, for DRD4 and 5-HTT, respectively). Wittke-Thompson, Pluzhnikov, and Cox
(2005) demonstrated that a similar pattern of results (i.e., significant HWE departure in

cases, but not in controls) suggests that the gene of interest may be a disease
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susceptibility locus rather than a result of genotyping error. Thus, the HWE results
provide initial support for the association between DRD4 and 5-HTT and ADHD.
Correlations among Constituent Symptom Dimensions of the Composite Variables

Correlation analyses were conducted to examine the degree of association among
the symptom dimensions within each composite variable (i.e., ODD/CD, Distress, and
Fear). As shown in Table 3, the correlation between the ODD and CD symptom
dimensions was high (r = .71). The correlations among the symptom dimensions
comprising the Distress composite ranged from moderate to high, with the strongest
relation between MDD and GAD (r = .68) and the weakest relation between MDD and
social phobia (r = .34). Finally, the correlations among the constituent symptom
dimensions of the Fear composite ranged from low to moderately high, such that SAD
and obsessions showed the strongest association (r = .52), whereas specific phobia and
compulsions showed the weakest association (r = .22).
Moderating Effects of Co-occurring Disorders on the Association between ADHD and
DRD4 and 5-HTT

First, ordinal logistic regression was used to test the overall association between
ADHD and DRD4 and 5-HTT (see Table 4). There was no evidence of significant
association between the categorical ADHD diagnosis and the 7-repeat allele of DRD4
(Wald c¢? [N=336] = .07, p = .398, Nagelkerke R* = .01, OR = 1.07 [95% CI = .65 —
1.76]) or the long allele of 5-HTT (Wald c¢? [N=324] = .60, p = .219, Nagelkerke R? =
.02, OR = 1.18 [95% CI = .77 — 1.80]).

Tests of moderation were next conducted to examine whether symptoms of co-

occurring externalizing and internalizing disorders influence the magnitude of
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associations between ADHD and DRD4 and 5-HTT. As predicted, co-occurring
symptoms of ODD/CD significantly moderated the relation between DRD4 and ADHD,
such that the association was strengthened among children with ADHD who also
exhibited elevated symptoms of ODD and CD (Wald ¢? [N=333] = 3.23, p = .036,
Nagelkerke R? = .02, OR = 2.90 [95% CI = .91 — 9.26]). As shown in Table 4, tests of the
moderating effects of co-occurring internalizing symptoms on the DRD4-ADHD
association were nonsignificant as expected ( p = .366 for Distress; p = .487 for Fear).
There were no significant main effects for ADHD diagnostic status, ODD/CD, Distress,
or Fear composites.

Consistent with our prediction, atest of the moderating influence of the Fear
composite revealed a statistical trend, whereby the association between 5-HTT and
ADHD was enhanced for ADHD children with higher symptoms of SAD, specific
phobias, and OCD (Wald c? [N=324] = 1.95, p = .081, Nagelkerke R = .03, OR = .31
[95% CI = .06 — 1.61]). It is noteworthy, however, that the ADHD children with
concurrent elevated symptoms of Fear were more likely to possess 1 or 2 copies of the
short variant of 5-HTT, rather than the putative high risk variant for ADHD (i.e., the long
alele). Ordinal logistic regression analyses did not yield evidence of moderation by co-
occurring symptoms of ODD/CD (p = .470) or Digress (p = .252) of the relation between
5-HTT and ADHD (also shown in Table 4). These latter two findings only partially
supported our hypotheses, as ODD/CD was expected to show a moderating effect on the
5-HTT-ADHD association based on Seeger et al.’s (2001) previous findings.

For 5-HTT, there was no significant main effect for ADHD diagnostic status or

ODD/CD. In contrast, asignificant main effect was found for the Fear composite, such
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that the short allele of the 5-HTTLPR was associated with higher levels of SAD, specific
phobias, obsessions, and compulsions (Wald c? [N=324] = 4.12, p = .021, Nagelkerke R
=.03, OR =.42[95% CI =.18 —.97]). There was also a marginally significant main
effect for the Distress composite, wherein the short allele of the 5-HTTLPR was
associated with higher levels of depression, GAD, and social phobia (Wald c? [N=323] =
2.26, p = .066, Nagelkerke R? = .02, OR = .68[95% CI = .41 —1.12)).

Associations between DRD4 and 5-HTT and ADHD Comorbid Conditions versus DSM-
IV ADHD Subtypes

Further ordinal logistic regression analyses were performed to directly compare
the proposed ADHD comorbid conditions versus the DSVI-IV ADHD diagnostic subtypes
with regard to their patterns of association with DRD4 and 5-HTT. Two setsof a priori
contrasts (shown in Table 2) were used to test competing models of the specific nature of
association between each candidate gene and the DSM-IVV ADHD subtypes. The key
function of the first set of contrasts was to test the hypothesis that the inattentive
symptoms of ADHD are more strongly associated with DRD4 and 5-HTT by comparing
IT and CT versusHT, and IT versus CT. A second complementary set of contrasts was
used to test the hypothesis that the I nattentive subtype of ADHD is more strongly related
to DRD4 and 5-HTT by comparing IT versusHT and CT, and HT versus CT.

DRD4. Theresultsof the first set of contrasts (shown in Table 5) revealed
evidence of significant association with the 7-repeat allele of DRD4, whereby IT and CT
showed a stronger relation with DRD4 than HT (Wald c? [N=336] = 3.96, p = .023,
Nagelkerke R? = .05, OR = 2.01 [95% CI = 1.01 — 4.01]) and CT showed a stronger

relation to DRD4 than IT (Wald c? [N=336] = 4.07, p = .022, Nagelkerke R? = .05, OR =
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.71[95% CI =.50-.99]). Notably, the contrast between “Any ADHD diagnosis’ versus
“No ADHD diagnosis’ yielded only a gtatistical trend towards association with DRD4
(Wald c¢? [N=336] = 2.10, p = .073, Nagelkerke R? = .05, OR = 1.16 [95% C| = .95 —
1.43]). The second set of contrasts also yielded evidence for a significant association,
such that CT showed a stronger relation to DRD4 compared with HT (Wald ¢? [N=336] =
5.30, p = .010, Nagelkerke R? = .05, OR = 3.40 [95% CI = 1.20 — 9.62]). On the other
hand, the contrast between IT versus HT and CT was nonsignificant, suggesting that
these two groups do not differ in their association with DRD4 (p = .187). Overall, this set
of findings suggeststhat the ADHD subtypes differ significantly in their association with
DRD4, despite modest evidence for significant association between DRD4 and the
categorical ADHD diagnosis. In addition, these results provide further support for the
hypothesis that DRD4 is preferentially associated with inattentive rather than
hyperactive-impulsive symptoms, given evidence that CT and IT (though to alesser
extent) consistently showed a stronger relation to DRD4 than HT.

Tests of moderation were subsequently conducted within the same analytic
framework (i.e., ordinal logistic regression with a priori contrasts) as was used to
examine ADHD subtype differences in their association with DRD4, with the addition of
the moderator variables (ODD/CD, Distress, and Fear). As previously stated, this
approach allowed for adirect comparison between the DSM-IV ADHD subtypes and the
proposed ADHD comorbid conditions. As can be seenin Table 5, there was marginally
significant evidence for a moderating influence of ODD/CD symptoms on the relation
between DRD4 and ADHD. Consistent with the initial moderation analyses, the DRD4-

ADHD association was strengthened among children with elevated symptom levels of
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ODD and CD (Wald ¢? [N=333] = 2.44, p = .059, Nagelkerke R* = .07, OR = 1.52 [95%
Cl =.90-257]). Again, there was no evidence for moderating effects of Distress and
Fear on the association between DRD4 and ADHD (p =.252 and p = .271, respectively).
Examination of potential moderating effects of the co-occurring externalizing and
internalizing composites on the association between the DSM-1VV ADHD subtypes and
DRD4 revealed that the addition of each moderating variable significantly worsened the
fit of the model (see Table 5).

5-HTT. Asshown in Table 6, the results of the first set of contrasts among the
DSM-1V ADHD subtypes yielded evidence of significant association with the long allele
of 5-HTT, whereby IT and CT showed a stronger relation to 5-HTT than HT (Wald c?
[N=324] = 2.87, p = .045, Nagelkerke R = .03, OR = 1.30[95% CI = .96 — 1.77]). There
was also a gtatistical trend for the IT to show a stronger association with 5-HTT than the
CT (Wald c? [N=324] = 1.67, p = .098, Nagelkerke R = .03, OR = 1.20 [95% CI = .91 —
1.60]). The findings from the second set of contrasts suggested that the IT is more
strongly associated with 5-HTT relative to the HT and CT (Wald c? [N=324] = 4.62, p =
.019, Nagelkerke R? = .03, OR = 1.25[95% CI = 1.01 — 1.55]). A statistical trend was
also detected, such that the CT showed greater association with 5-HTT than the HT
(Wald ¢® [N=324] = 1.60, p =.103, Nagelkerke R* = .03, OR = 1.36 [95% CI = .84 —
2.18]). This pattern of results suggests that the IT is preferentially associated with the
long allele of 5-HTT as compared with the other two subtypes (CT and HT).

Moderation analyses were conducted using a priori contrasts of ADHD subtypes,
yielding asimilar pattern of results asinitially reported for 5-HTT. Asshown in Table 6,

the only significant finding was a moderating influence of Fear on the association
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between 5-HTT and ADHD (Wald c¢? [N=324] = 2.89, p = .044, Nagelkerke R? = .05, OR
=.65[95% CI =.40—-1.07]). There was no evidence for significant moderating effects
of ODD/CD (p = .497) or Distress (p = .195) onthe 5-HTT-ADHD association. In
addition, analyses of the potential moderating effects of the ODD/CD, Distress, or Fear
composites on the association between the DSMI-1VV ADHD subtypes and 5-HTT showed
no improvement in the fit of the model with the addition of these moderating variables
(see Table 6).
Analyses of Differences in Gender Composition and Mean Age for ADHD Comorbid
Conditions

Asafinal step, the proposed alternative comorbid conditions were examined with
respect to whether they could be differentiated on the basis of the additional external
validity indicators gender and age. Logistic regression analyses did not suggest any
differences in the gender composition of the comorbid ADHD conditions (see Table 7).
It is noteworthy, however, that there was a statistical trend for children diagnosed with
ADHD to be more likely to be male (73%) than those without an ADHD diagnosis (61%)
(Wald c? [N=372] = 2.20, p = .069, Nagelkerke R? = .04, OR = 1.10[95% CI = .97 —
1.23]). Planned comparisonsin ANOV A did not yield any significant differences in
mean age among the comorbid ADHD conditions (shown in Table 7). Nonetheless, there
was a significant difference in mean age between children diagnosed with ADHD
compared with those without an ADHD diagnosis (t [1, 372] = - 2.19, p =.014, h? = .01).
On average, children with ADHD were younger (M = 10.3, SD = 3.0) than children

without ADHD (M = 10.8, SD = 3.5).
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Post-hoc logistical regression analyses were conducted to examine whether there
are gender differences in average levels of co-occurring symptoms. Results of the post-
hoc analysis revealed that, on average, boys demonstrated significantly higher ODD and
CD symptom levels, as expected (Wald c? [N=372] = 4.01, p = .023, Nagelkerke R? =
.02, OR =1.38[95% CI = 1.01 —1.90]). In contrast, boys and girls exhibited comparable
levels of internalizing symptoms (p = .373 for Distress and p = .254 for Fear).

Discussion

There is growing recognition that the ADHD diagnosis subsumes a rather
heterogeneous group of children, characterized by variability in the presentation of core
symptoms, clinical correlates (e.g., demographic characteristics, rates of comorbidity,
outcome), and possibly etiological pathways. Thus, effortsto refine the ADHD
phenotype that aim to reduce diagnostic heterogeneity seem to hold promise for
improving our ability to identify the genes that contribute to ADHD. Accordingly, the
primary goal of this study was to evaluate the validity of one approach to phenotypic
refinement that sought to characterize more putatively homogeneous conditions within
the ADHD phenotype on the basis of co-occurring symptoms of externalizing and
internalizing disorders (i.e., ADHD X ODD/CD, ADHD X Distress, and ADHD X Fear).
Assuming that some true associations may be obscured if a given candidate gene is
associated only with certain aspects of the ADHD phenotype (e.g., acomorbid subgroup),
we hypothesized that symptoms of co-occurring externalizing and internalizing disorders
would moderate the magnitude of associations between ADHD and DRD4 and 5-HTT.

In the current study, the overall associations between ADHD and DRD4 and 5-

HTT were tested using ordinal logistic regression analyses, but revealed no evidence of
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significant association between the categorical ADHD diagnosis and the putative high-
risk alleles of DRD4 (the 7-repeat allele) or 5-HTT (the long allele). As predicted, tests
of interactions showed that co-occurring symptoms of ODD/CD significantly moderated
the relation between DRD4 and ADHD, wherein the association was strengthened among
children with ADHD who aso exhibited elevated symptoms of ODD and CD. Also
consistent with our hypotheses, tests of the moderating effects of co-occurring
internalizing symptoms (i.e., Distress and Fear) on the DRD4-ADHD association were
nonsignificant.

This study replicates similar findings that have shown significant association between
the DRD4 7-repeat dlele and ADHD with comorbid ODD/CD (Holmes et a., 2002; Kirley
et d., 2004). Consigtent with Holmes et al.’ s (2002) results, the current study found evidence
for asignificant relation between DRD4 and children with ADHD and concurrent conduct
problems, whereas no association was detected between DRD4 and the overall ADHD
diagnosis. Inthe study by Kirley et a. (2004), the association analyses were conducted
separately for ADHD children with comorbid ODD and comorbid CD. Their analyses
revealed that the 7-repest allele of DRD4 was significantly associated with ADHD children
with comorbid ODD, but not with comorbid CD. Asthe authors stated, the lack of
association between DRD4 and ADHD with comorbid CD may have been due to the low
number of informative transmissions in the CD group (N=16), thus limiting the
generaizability of their results.

Further ordinal logistic regression analyses were conducted in the present
investigation to examine possible moderating influences of co-occurring externalizing and

internalizing disorders on the association between ADHD and the 5-HTTLPR. Consistent
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with our hypotheses, tests of moderation revealed a statistical trend whereby the
association between 5-HTT and ADHD was enhanced for ADHD children with higher
symptoms of Fear (i.e., SAD, specific phobias, and OCD). It is noteworthy that the
ADHD children with concurrent elevated symptoms of Fear were more likely to possess
1 or 2 copies of the short variant of the 5-HTTLPR, rather than the putative high risk
variant for ADHD (i.e., thelong variant). This finding provides additional support for
Jensen et al.’s (1997) recommendation of the addition of an “*ADHD, anxious subtype,”
as it appearsthat ADHD with co-occurring symptoms of anxiety may reflect a somewhat
etiologically distinct subgroup of ADHD children as compared with those with
predominant co-occurring symptoms of disruptive behavior disorders (e.g., ODD, CD).
As predicted, the association between ADHD and 5-HTT was virtually unchanged
when moderating levels of Distress were included in the ordinal logistic regression
model. The extant literature suggeststhat ADHD is preferentially associated with the
long allele of the 5-HTTLPR (Faraone et a., 2005), whereas MDD and GAD are more
strongly associated with the short allele (Lotrich & Pollock et a., 2004; You et al., 2005).
The current study provides additional evidence that different variants of the 5-HTTLPR
appear to confer risk for ADHD (i.e., long allele) as opposed to MDD/GAD (i.e., short
allele), thus suggesting that 5-HTT may have unique and specific genetic effects on these
conditions. Nonetheless, considering that roughly 10 — 20% of children with ADHD also
have comorbid depressive disorders (Acosta et a., 2004; Biederman et a., 1991), further
research is needed to help identify shared vulnerability genes underlying the phenotypic
overlap between ADHD and MDD/GAD. Towardsthat end, Kim et al. (2007) recently

demonstrated evidence of enhanced association for the gene coding for Synaptosomal-
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associated protein of 25 kDa (SNAP-25) in a subset of ADHD patients with comorbid
MDD.

Based on Seeger et al.’s (2001) finding that children diagnosed with ICD-10
hyperkinetic disorder (HD) with comorbid CD showed a significant over-representation
of the long allele of 5-HTT as compared with controls, we hypothesized that the
magnitude of the association between ADHD and 5-HTT would be strengthened with the
inclusion of moderating levels of ODD/CD. This prediction was not supported in the
current study, however. Possible reasons for the nonreplication of Seeger et al.’s findings
in this study include differences in ascertainment methods, diagnostic assessment (dueto
use of ICD-10 versus DSM-IV diagnostic criteriafor HD/ADHD and/or categorical
versus dimensional definitions of CD), and genetic heterogeneity across samples.

The proposed ADHD comorbid conditions were next compared directly to the
DSM-1V ADHD diagnostic subtypes in order to evaluate which system better capturesthe
heterogeneity within the overall ADHD diagnosis. Ordinal logistic regression analyses
using a priori contrasts yielded significant differences among the DSM-1V ADHD
subtypes with respect to their associations with DRD4 and 5-HTT. For DRD4, the
subtype analyses revealed significantly greater association with CT and IT (to alesser
extent) than HT, confirming findings from several previous studies suggesting a stronger
relation between DRD4 and inattentive (rather than hyperactive-impulsive) symptoms of
ADHD (Lasky-Su et al., 2008; McCracken et al., 2000; Rowe et al., 1998). In
comparison, the moderation analyses yielded marginally significant evidence for a

moderating influence of ODD/CD on the association between DRD4 and ADHD,
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whereas there was no evidence for moderating effects of Distress or Fear on the DRD4-
ADHD relation.

For 5-HTT, the subtype analyses showed a significantly stronger association
between the 5-HTTLPR and IT as compared with the other two subtypes (CT and HT).
This finding conflicts with two previous studies that demonstrated a stronger relation
between 5-HTT and CT (Manor et al., 2001; Seeger et a., 2001). In comparison, tests of
moderation showed a significant moderating influence of Fear on the association
between the 5-HTTLPR and ADHD, but no moderating effects were demonstrated for
ODD/CD or Distress.

Although a nascent literature examining the role of the 5-HTTLPR in regulating
fear-related traits in childhood has been mixed, several studies have shown that the short
alele is associated with higher levels of fearfulness and inhibition (Battaglia et al., 2005;
Fox et al., 2005; Hayden et a., 2007). One possible interpretation of the findings in the
current sample isthat a subset of ADHD children may present with predominant co-
occurring symptoms of anxiety (e.g., SAD, specific phobias, and OCD) that are linked by
the common feature of fear of physical harm (Lahey et al., 2004). Assuggested ina
recent review of ADHD with comorbid anxiety by Schatz and Rostain (2006), we would
expect that this anxious subtype of ADHD would exhibit lower levels of impulsivity and
disinhibition, combined with relatively higher levels of inattention and distractibility.
Further support for a separate anxious subtype of ADHD stems from several
pharmacological studies demonstrating that children diagnosed with ADHD accompanied
by anxiety tend to show significantly poorer responses to simulant medications than

other children with ADHD (reviewed in Jensen et al., 1997 and Newcorn et a., 2001).
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Finally, the proposed comorbid conditions (ADHD X ODD/CD, ADHD X
Distress, ADHD X Fear) were evaluated on two additional external validity indicators
(viz., gender composition and mean age). Logistic regression analyses and planned
comparisonsin ANOV A did not yield any significant moderating effects of the comorbid
conditions on the relation of ADHD with gender or age. Therefore, the associations
between ADHD and gender and age do not appear to be dependent on levels of
concurrent externalizing (ODD, CD) or internalizing (depression, anxiety, fear)
symptoms. Given the current finding that children diagnosed with ADHD were on
average more likely to be male and younger than children without ADHD (p = .069 and p
=.014 for gender and age, respectively), one might expect to find only a slight
incremental relation when symptoms of co-occurring externalizing and internalizing
disorders are added to the model.

At first glance, the results presented in Tables 4 and 5 may appear to suggest that
the DSVI-IV ADHD subtype classification is superior to the proposed alternative
comorbid conditions with respect to its ability to segregate more genetically
homogeneous subgroups of children within the ADHD diagnosis. There are several key
considerations that should be weighed when comparing the relative success of these two
subtyping systems. Due to the fact that the diagnostic subtypes are by definition
nonoverlapping entities, it seems logical that the DSM-1VV ADHD subtypes would more
exhaustively capture the variance within the categorical diagnosis as compared with an
aternative ADHD phenotype defined by co-occurring conditions. In contrast, the most
severe ADHD cases in this clinic-referred sample are likely to have multiple concurrent

disorders, spanning both externalizing and internalizing dimensions (due in part to
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referral bias; Berkson, 1946), thus, the proposed comorbid conditions examined in this
study clearly are not mutually exclusive. More importantly, the inclusion of co-occurring
externalizing and internalizing symptoms in the ADHD phenotype also proved to be quite
effective in identifying children for whom DRD4 and 5-HTT conferred stronger genetic
susceptibility. Specifically, ODD/CD moderated the association between ADHD and
DRD4 and Fear moderated the association between ADHD and 5-HTT. This suggests
that considering co-occurring symptoms of conduct problems and anxiety, in addition to
ADHD symptoms, provides incremental validity with respect to detecting genetic
associations with DRD4 and 5-HTT.

Taken together, the findings from the current study suggest that there are meritsto
both approaches with respect to their ability to distinguish more phenotypically
homogeneous clusters of children within the ADHD diagnosis. The results further
suggest that when conducting genetic association analyses, the addition of information on
diagnostic subtypes or comorbid ADHD conditions provides increased external validity
of the ADHD phenotype as compared with only analyzing the categorical ADHD
diagnosis. In contrast, there was no evidence of significant moderating influences of the
co-occurring externalizing and internalizing composite variables on the association
between DSM-1V ADHD subtypes and DRD4 and 5-HTT. This finding suggests that
there is no additional benefit gained when these two approaches are used simultaneously,
likely owing to the fact that the majority of variance has been already accounted for by
parsing the overall ADHD diagnosis into subtypes. Overall, the results provide modest
support for the external validity of the DSM-1V classification of ADHD diagnostic

subtypes, as well as the proposed comorbid conditions.
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Several key findings from the current investigation have important implications
for future research as well as clinical practice. First, the results from this study raise the
possibility that some of the negative findings reported for the associations between
ADHD and DRD4 and 5-HTT may have been due to sample differences such as
diagnostic or genetic heterogeneity that resulted in reduced power to detect true
associations. |mportantly, this study demonstrates that undertaking subgroup analyses
(e.g., examining diagnostic subtypes or comorbid subgroups) or incorporating continuous
measures of comorbid psychopathology as moderators can be a useful strategy for
enhancing our ability to detect genetic associations that might be otherwise masked when
testing a phenotypically heterogeneous condition such as ADHD (e.g., Kimet al., 2007
Kirley et al., 2004). One important caveat deserves mention when considering whether to
conduct subtype analyses. |deally, such phenotypic refinements should proceed from a
priori hypotheses that are well grounded in the extant empirical literature to limit
problems associated with multiple testing (Thapar et al., 2006) and to counterbalance the
loss of power inherent in dividing a diagnostic category into smaller subcomponents,
each comprised of fewer subjects.

Second, our results provide further validational support for the hypothesis that
ADHD with comorbid conduct problems represents a phenotype characterized by
increased genetic loading (e.g., Thapar et al., 2001). Despite substantial evidence from
family and twin studies suggesting that ADHD, ODD, and CD share a common genetic
etiology (e.g., Coolidge et al., 2000; Dick et al., 2005; Faraone et al.., 1998, 2000; Nadder et
al., 1998; Silberg et al., 1996; Thapar et al., 2001; Waldman et al., 2001), few studies have

investigated specific genesthat contribute to the shared genetic susceptibility among these
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disorders. Thus, further research is clearly needed to help elucidate whether ADHD and CD
are generaly influenced by the same genes or if their co-occurrence has unique genetic
influences that are distinct from those acting on ADHD and CD in isolation (Stevenson et al.,
2005). Thisline of research should also make important contributions in determining
whether a separate diagnogstic category for ADHD with comorbid CD iswarranted in
DSM-V, analogous to “hyperkinetic conduct disorder” as defined in the ICD-10 classification
system (World Health Organization, 1992).

Third, the current results also lend validational support for an “ADHD, anxious
subtype” as proposed by Jensen et a. (1997), given initial evidence that ADHD with co-
occurring symptoms of anxiety appears to reflect a somewhat etiologically distinct
subgroup of ADHD children. The putative anxious subtype of ADHD warrants further
research to examine its external validity, as well as its potential clinical utility. Future
studies should test whether the ADHD, anxious subtype can be distinguished from other
ADHD subgroups on the basis of external characteristics, such as family history of
psychopathology, genetic and environmental influences, developmental course, and
differential treatment response.

Sudy Limitations

Finally, several potential limitations should be considered when interpreting the
results of the current study. First, ADHD diagnoses were based on symptom ratings by
parents alone. The lack of complementary teacher ratings imposes limits on our ability to
determine the extent to which functional impairment was present in two or more settings.
Furthermore, there is evidence suggesting that using multiple ratersto establish an

ADHD diagnosis results in decreased measurement error and higher reliability (reviewed
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in Thapar et al., 2006). Alternatively, there is not consensus with respect to how best to
combine data from parent and teacher reportsto yield categorical clinical diagnoses, and
thus, different methods of integrating data from multiple informants may also act as
another source of error variance across studies (cf. Gizer et al., in press).

Second, adimensional approach was used to quantify symptoms of co-occurring
externalizing and internalizing disordersin this study given the low base rate of
categorical internalizing disorders, as well as the loss of power for detecting genetic
associations that would result from parsing ADHD into subtypes based on comorbid
clinical diagnoses. Importantly, there is specific evidence demonstrating comparably high
heritability estimates regardless of whether a categorical (diagnostic) or dimensional
(trait) approach is used to characterize ADHD (e.g., Levy, Hay, McStephen, Wood, &
Waldman, 1997). Although genetic and clinical evidence exists to support the validity of
using both categorical and dimensional approaches in molecular genetic studies, it is not
clear that the same susceptibility genes influence clinical diagnoses and dimensional
traits in the same manner (reviewed in Thapar et a., 2006). Therefore, caution should be
used in generalizing the results from the current study beyond a dimensional
representation of ADHD comorbidity. In addition, though the dimensional composite
variables composed of co-occurring symptoms of externalizing and internalizing
disorders (i.e., ODD/CD, Distress, Fear) were created based on findings from empirical
studies of the structure of psychopathology (Krueger, 1999; Lahey et a., 2004) and
corresponding behavior genetic studies (Kendler et al., 2003), further external validation

studies of these composite variables are necessary.
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Lastly, it was beyond the scope of the current study to examine more than single
markers in the two genes of interest, DRD4 and 5-HTT. Ideally, future research focused
on the examination of the shared genetic susceptibility of ADHD and comorbid disorders
will examine multiple markers in both selected candidate genes. A multi-marker
approach will yield increased confidence that a failed association for multiple markers
truly represents a lack of association with the candidate gene, as well as provide

additional power to detect genes that underlie ADHD.
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Table 1. Demographic Characteristics and Mean Symptom Levels for ADHD Diagnostic Subtypes and a Nondisordered Sample

No ADHD Overadl

diagnosis ADHD ADHD/IT ADHD/CT ADHD/HT
Participants, N 135 237 82 132 23
ADHD subtype diagnoses (%) -- -- 34% 56% 10%
Gender, N (%) male 82 (61%) 172 (73%) 55 (67%) 103 (78%) 14 (61%)
Mean age at assessment (SD) 10.8 (3.5) 10.3 (3.0 11.5 (3.0 10.0(2.8) 8.4(25)
Mean inattention sx (SD) .67 (.55) 2.81(.76) 2.81(.62) 3.10 (.56) 1.40 (.66)
Mean hyp-imp. sx (SD) A7 (.47) 2.18(1.13) .95 (.68) 2.92 (.63) 2.77 (.58)
Mean ODD sx (SD) .80 (.74) 1.96 (1.14) 1.36 (1.00) 2.31(1.04) 2.31(1.11)
Mean CD sx (SD) 15 (.26) 41 (.42) 27 (.31) 51 (.45) 41 (.37)
Mean depression sx (SD) .20 (.39) 58 (.57) 45 (.49) .73 (.59) .36 (.41)
Mean GAD sx (SD) .37 (.56) .67 (.64) 52 (.53) .84 (.70) .55 (.56)
Mean social phobia sx (SD) 40 (.57) .55 (.69) .56 (.66) 59 (.77) .60 (.83)
Mean SAD Sx (SD) 15 (.34) .28 (.48) .18 (.40) .39 (.57) 27 (.39)
Mean specific phobia sx (SD) 24 (.31) .39 (.40) .28 (.33) 41 (.43) 31 (.37)
Mean obsessive sx (SD) 12 (.35) 27 (.48) 14 (.29) 37 (.59) .26 (.31)
Mean compulsive sx (SD) .04 (.15) 14 (.34) .08 (.27) .19 (.40) .20 (.35)

Note. ADHD/IT = Attention-Deficit/Hyperactivity Disorder, Inattentive Type; ADHD/CT = Combined Type; ADHD/HT = Hyperactive-lmpulsive

Type; sx = symptoms; hyp-imp. = hyperactive-impulsive; ODD = Oppositional Defiant Disorder; CD = Conduct Disorder; GAD = Generalized

Anxiety Disorder; SAD = Separation Anxiety Disorder.
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Table2. A Priori Orthogonal Contrasts for Comparing DSM-1V ADHD Subtypes

Contrast set 1 Contrast 1 Contrast 2 Contrast 3
ADHD diagnostic subtype

No ADHD -3 0 0
Inattentive 1 1 1
Hyperactive-impulsive 1 -2 0
Combined 1 1 -1
Contrast set 2 Contrag 1a Contrad 2a Contragt 3a
ADHD diagnostic subtype

No ADHD -3 0 0
Inattentive 1 2 0
Hyperactive-impulsive 1 -1 -1
Combined 1 -1 1
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Table 3. Correlations among Symptom Dimensions Comprising the ODD/CD, Distress, and Fear Composite Variables

ODD CD Depress. GAD Social SAD Specific Obsess.  Comp.
Phobia Phobias
ODD —
CD T1x* —
Depression S1x* A7 —
GAD A3+ 33+ .68** —
Social Phobia 9%+ A7+ 34** 52** —
SAD 25%* 27** 30%* S5** 38** —
Specific 20%* .18* 28 * 34** 22%*
Phobias
Obsessions 25%* 32+ AQ** 50** 35%*
Compulsions 25%* 20%* .30** A2%* 31x* —

Note. ODD = Oppositional Defiant Disorder; CD = Conduct Disorder; GAD = Generalized Anxiety Disorder; SAD = Separation Anxiety Disorder;

Obsess. = Obsessions; Comp. = Compulsions. Light grey shading highlights the correlation between ODD and CD symptom dimensions; medium

grey shading highlights the correlations among symptom dimensions comprising the Distress composite (Depression, GAD, Social Phobia); dark

grey shading highlights the correlations among symptom di mensions comprising the Fear composite (SAD, Specific Phobias, Obsessions,

Compulsions).

*p<.01; **p < .001.
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Table 4. Moderating Effects of Co-occurring Conditions on the Association between ADHD and DRD4 and 5-HTTLPR

DRD4 (7-repeat alele) 5-HTTLPR (long allele)

Phenotype p OR R? p OR R?
Categorical ADHD diagnosis .398 1.07 .01 219 1.18 .02
ADHD X ODD/CD .036** 2.90 .02 470 1.03 .02
ADHD X Distress .366 0.83 .02 252 0.72 .02
ADHD X Fear 487 1.03 .01 .081* 0.31 .03

Note. “ X" indicates statistical interaction.

*p<.10; **p < .05.
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Table 5. Comparison of DSVI-1V ADHD Subtypes versus ADHD Comorbid Conditions in their Association with DRD4

Moderator p OR R p OR F p OR R Significant planned comparisons
No ADHD ADHD/IT + CT ADHD/IT
Contrast set 1 VS. VS. VS.
ADHD/Any Dx ADHD/HT ADHD/CT

No moderator .073* 1.16 .05 023** 201 .05 .022** .71 .05 ADHD > No Dx; IT+CT > HT; CT > IT
ODD/CD 059 152 .07 178 44 07 331 .89 .07 ADHD X ODD/CD

Distress 252 .82 .06 334 15 .06 .351 .88 .06

Fear 271 73 .06 374 182 .06 .217 51 .06
No ADHD ADHD/IT ADHD/CT
Contrast st 2 VS. VS. VS.
ADHD/Any Dx ADHD/HT + CT ADHD/HT

No moderator .073* 1.16 .05 .187 1.19 .05 .010** 3.40 .05 ADHD > No Dx; CT > HT
ODD/CD 059 152 .07 .160 .62 .07 .189 .30 .07 ADHD X ODD/CD

Distress 252 82 .06 .389 117 06 .319° 207 .06

Fear 271 73 .06 .487 97 .06 .329 342 .06

Note. “X” indicates statistical interaction; 2indicates that the test of paralld lineswas violated.

*p<.10; **p < .05.
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Table 6. Comparison of DSVI-1V ADHD Subtypes versus ADHD Comorbid Conditions in their Association with 5-HTTLPR

Moderator p OR R p OR F p OR R Significant planned comparisons
No ADHD ADHD/IT + CT ADHD/IT
Contrast set 1 VS. VS. VS.
ADHD/Any Dx ADHD/HT ADHD/CT
No moderator  .478 1.00 .03 .045** 130 .03 098 120 .03 IT+CT >HT; IT>CT

ODD/CD 497 1.00 .03 .260 116 .03 .336 91 .03

Distress 195 89 .04 .300 118 .04 .295 .85 .04

Fear .044** 65 .05 .304 1.35 .05 .167 56 .05 ADHD X Fear
No ADHD ADHD/IT ADHD/CT
Contrast set 2 VS, VS, VS,
ADHD/Any Dx ADHD/HT + CT ADHD/HT
No moderator .478 1.00 .03 .019** 125 .03 103 136 .03 IT>HT+CT,; CT > HT
ODD/CD 497 1.00 .03 .433 1.03 .03 223 131 .03
Distress 195 89 .04 .493 1.00 .04 249 1.38 .04
Fear .044** 65 .05 .381 87 .05 .196 210 .05 ADHD X Fear

Note. “ X" indicates statistical interaction.

*p<.10; **p < .05.
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Table 7. Differences in Gender Composition and Mean Age for ADHD Comorbid Conditions

Gender composition Mean age
Phenotype p OR (95% Cl) R p h?
Categorical ADHD diagnosis .069* 1.10(.97-1.23) .04 .014** .01
ADHD X ODD/CD 277 1.07 (.85-1.33) .04 .290 .00
ADHD X Distress 288 1.07 (.83 — 1.39) .04 456 .00
ADHD X Fear 234 1.18 (.75 —1.89) .05 343 .00

Note. “ X" indicates statistical interaction.

*p<.10; **p < .05.
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General Discussion

The overarching objective of this dissertation was to help address two major
challengesthat clinicians and researchers face concerning the classification, treatment, and
etiology of ADHD. Firgt, researchers lack consensus with respect to the best way to classify
and diagnose ADHD, despite intense taxonomic study of this prevalent childhood
disorder. Second, the search for specific susceptibility genes for ADHD is complicated by
the fact that this condition is a genetically complex disorder and by clinical heterogeneity
within the ADHD diagnosis. In order for quantitative and molecular genetic methods to
be maximally utilized to uncover the genetic and environmental risk factors underlying
ADHD, accurate and valid characterization of the ADHD phenotype is of utmost
importance (Lahey et al., 2004). With these challenges in mind, the current dissertation 1)
examined the external validity and distinctiveness of the DSVI-1V ADHD diagnostic subtypes
and 2) evaluated whether an alternative comorbid ADHD phenotype enhances the external
validity of ADHD, asa function of including co-occurring symptom dimensions, over and
above the extant DSVI-1V diagnostic subtypes.

Theresults of the first paper of thisthesis demondtrated that the DSVI-1V ADHD
diagnostic subtypes were distinguishable with respect to the proportion of males, mean age at
assessment, and symptom levels of co-occurring externalizing and internalizing disorders. On
average, children diagnosed with the Combined Type (CT) relative to the I nattentive Type
(IT) were 1.5 years older, 30% more likely to be male, and more likely to show elevated
levelsof ODD, CD, depression, and a variety of anxiety symptoms. The Hyperactive-
Impulsive Type (HT) generally appeared more similar to the CT thanthe I T, showing

comparable levels of ODD and CD, aswell asarange of internalizing symptoms, with the
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exception of depression and GAD. In addition, the molecular genetic analyses suggested that
the extant DSVI-1V diagnostic subtypes can be differentiated with respect to their strength of
associations with the candidate genes, DRD4 and 5-HTT. That is, the CT showed the
strongest association with the 7-repest allele of DRD4, whereasthe I T showed the strongest
relation with the long allele of the 5-HTTLPR.

Taken together, this set of results from a clinically-referred sample provides only
modest support for the external validity and distinctiveness of the DSM-IV-defined ADHD
diagnostic subtypes. Although the findings from the current study suggest that the ADHD
subtypes are somewhat distinguishable on several external correlates, it isimportant to
highlight that there are greater similarities than differences across the subtypes as compared
with agroup of non-ADHD children. Thus, the current study does not provide robust
evidence for Milich et al.’s (2001) assertion that the IT and the CT may be best
characterized as “distinct and unrelated disorders.”

It isawell documented finding that children diagnosed with CT relativeto IT are
generaly rated higher by parents and teachers on other externalizing symptoms (Milich et
al., 2001). However, a distinct pattern of ADHD subtype differences in internalizing
symptoms has not previously been reported (Power, Costigan, Eiraldi, & Leff, 2004). The
current analyses revealed that the CT is characterized by significantly higher levels of
internalizing symptoms (depression, anxiety) as well as externalizing symptoms,
however, and thus represents a novel finding of this study. Notably, arecent meta-analysis
of ADHD subtype differences in co-occurring externalizing and internalizing disorders
provides additional evidence that children with CT tend to be at higher risk for developing

both concurrent externalizing and internalizing symptoms than children with IT (Harrington
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& Waldman, 2008). Overall, these findings suggest that within the heterogeneous diagnostic
category of ADHD, the CT represents a more severely affected group thanthe I T.
Specifically, thereisincreasing evidence that CT is associated with greater severity of
psychopathology, including higher rates of comorbidity aswell as elevated essential
symptoms (i.e., inattention and hyperactivity-impulsivity) relativeto I T. It is noteworthy that
arecent sudy by Gadow et a. (2004) demonstrated that the CT ill showed significantly
higher levels of anxiety and depression thanthe I'T and HT groups after controlling
gatistically for the severity of the essential ADHD symptoms. Thus, the higher rate of
internalizing symptoms exhibited by the CT cannot be solely attributed to the fact that the CT
possesses more severe inattentive and hyperactive-impulsive symptoms.

Asprevioudy stated, there continuesto be controversy among researchers about
whether ADHD is best conceptualized asa) a unitary disorder, b) a unitary disorder with
subtypes, or ¢) multiple distinct disorders. The findings from the current investigation are
most consistent with the representation of ADHD as a unitary disorder with subtypes, given
that the ADHD subtypes were found to differ significantly on several external correlates,
while their overall symptom profiles appear more similar than different when compared with
non-ADHD children. Nevertheless, one important question that cannot be adequately
resolved in the current study relatesto whether these subtypes differ sufficiently to justify
partitioning the overall ADHD diagnosis into qualitatively distinct subcategories. That is, do
the observed ADHD subtype differences more accurately reflect quantitative variation in
severity (e.g., opposite ends of a continuum or continua) or qualitatively discrete categories?
Proper identification of the latent structure of ADHD clearly has implications for the

taxonomy of ADHD and thus merits exploration in future validation studies. For example,
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accurate identification of the latent structure of ADHD would allow researchersto focuson
the most probable etiological pathways for this highly heritable condition (Frazier,

Y oungstrom, & Naugle, 2007). More specifically, Haslam (1997) suggested that taxonicity is
indicative of all-or-none causes, whereas dimensionality is more consistent with multiple
additive or graded etiologies.

Psychopathology researchers have used several approachesto examine the latent
structure of ADHD, including factor analysis, latent class analysis, and taxometric methods*
(eq., Frazier et al., 2007; Gomez et al., 2005; Hartman et al., 2001; Haslam et al., 2006;
Hudziak et al., 1998; Neuman et al., 1999; Rasmussen et a., 2002; Rohde et al., 2001). A
superior fit of latent class models or taxometric models would provide evidence in support of
an underlying categorical structure comprised of distinct subtypes (i.e., classes or taxa),
whereas a superior fit of factor models would be consistent with a continuous underlying trait
(i.e., one or more dimensional factors). Nonetheless, it is necessary to be able to directly
compare the fit of such models in order to make such inferences, which neither factor
analysis nor latent class analysis permit.

Frazier et a. (2007) recently conducted a series of taxometric analyses and the results
suggested that the core symptoms of ADHD may be best represented by adimensiona (not
categorical) latent structure. Furthermore, Frazier and colleagues did not find evidence for a
categorical distinction among the ADHD subtypes. They concluded that this finding may
suggest that ADHD subtypes simply represent alternative ways of parsing the inattention and

hyperactivity-impulsivity symptom dimensions. Nonetheless, the authors warn that “the

! Briefly, “taxometrics’ represent one method of latent variable techniques devel oped by Paul Meehl and
his colleagues. Taxometric methods are useful in identifying whether or not a set of indicatorsrelate to one
another in amanner that is consistent with the presence of a meaningfully identified type or category (i.e.,
taxon) (Widiger, 2001).
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absence of taxonic findings in ataxometric analysis should not be mistaken for strong
evidence of dimensionality,” asthe results may be better explained by model
misspecification or poor validity indicators (Frazier et d., 2007, p. 57). Smilarly, Waldman
and Lilienfeld (2001) argue that the latent taxa uncovered by taxometric methods initially
possess a provisional status and should be subjected to an iterative process of external
validation in order to firmly establish the validity of such constructs.

Lubke et al. (2007) acknowledged that these previous gpproaches have suffered from
aserious limitation, namely the lack of a statistical framework that is capable of directly
testing alternative latent variable models. Hence, the use of asingle approach will be limited
to the assumptions intrinsic to that specific model and therefore would preclude the
possibility of drawing inferences about which model best represents the actual latent structure
of ADHD. To addressthis limitation, Lubke et al. (2007) used a novel satistical approach
involving factor mixture modeling (FMM), which simultaneously incorporates aspects of
both factor analysis and latent class analysis. The FMM approach represents a promising
direction for future research on the validation of ADHD classification, whereby alternative
conceptualizations of the ADHD phenotype can be tested concurrently and contrasted against
one another. That is, FMM can be utilized to help further tease apart whether symptoms of
inattention, hyperactivity, and impulsivity reflect 1) qualitatively distinct subtypes of ADHD,
2) variants dlong a single continuum of severity, or 3) severity differences within subtypes.
Interestingly, theinitial results from Lubke and colleagues FMM analysis of an ADHD
rating scale suggested that ADHD is best characterized by two moderately correlated
continuous dimensions (inattention and hyperactivity-impulsivity) thet vary in severity, rather

than clusters of qualitatively distinct subtypes.
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There is support for the clinical utility of continuous ratings of inattentive and
hyperactive-impulsive symptoms, over and above nominal diagnostic categories, based
on recent findings from two longitudinal studies that demonstrated evidence of
considerable instability of the DSMI-1V ADHD subtypes across development (Lahey et
al., 2005; Todd et al., 2008). Furthermore, important information about the phenotype may
be lost as a consequence of regarding ADHD as an “all-or-nothing” trait, rather than taking
into account the severity level of ADHD symptoms (Neuman et al., 2001). Lessemphasison
categorical diagnoses in favor of continuous symptom ratings would seem particularly salient
for two subgroups of ADHD children: 1) those diagnosed initially with HT, who often shift
to CT inlater years as academic tasks demand greater attentional resources (Lahey et dl.,
2005) and 2) those initially diagnosed with CT, who later shift to IT as hyperactive-impulsive
symptoms decline with normative developmental maturity (Hart et d., 1995). Importantly,
another recently published longitudinal sudy by Larsson, Lichtenstein, and Larsson (2006)
found initial evidence of both persistent cross-subtype and subtype-specific genetic
influences, suggesting that a substantial part of the genetic susceptibility underlying ADHD
perssts over time, despite developmental changesin the overall manifest symptom profile.

As previously mentioned, a second major challenge for researchers stems from
the difficulty in identifying specific susceptibility genes for ADHD given that ADHD,
like all psychiatric conditions, is a genetically complex disorder (Faraone & Biederman,
1998; Kendler, 2005; Waldman & Gizer, 2006). Additionally, diagnostic or phenotypic
heterogeneity (e.g., dueto variation in presenting core symptoms, co-occurring disorders,
assessment methods) appearsto represent a key source of discrepancy across candidate

gene studies of ADHD that servesto further complicate molecular genetic research. It is
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noteworthy that the majority of molecular genetic studies have only investigated the
relation between a gene of interest and the categorical ADHD diagnosis (Kirley et al.,
2004). Therefore, the current investigation undertook both subtype analyses and
moderation analyses based on the hypothesis that using only a single categorical
diagnosis of ADHD when conducting tests of association potentially may mask a
significant effect if the candidate gene is associated only with certain aspects of the
ADHD phenotype (e.g., a particular diagnostic subtype or comorbid condition).

As predicted, the current findings suggested specificity in the relations of candidate
geneswith aparticular diagnostic subtype or symptom dimension of ADHD. On the one
hand, tests of association between ADHD and DRD4 and 5-HTT revealed no evidence of
significant association between the overall categorical ADHD diagnosis and the putative
high-risk alleles of DRD4 (the 7-repeat alele) or 5-HTT (the long allele). On the other
hand, evidence for significant associations between specific aspects of the ADHD
phenotype and DRD4 and 5-HTT emerged in the subgroup analyses. For DRDA4, the
subtype analyses revealed significantly greater association with CT and IT (to alesser
extent) than HT, confirming findings from several previous studies suggesting a stronger
relation between DRD4 and the inattentive (rather than hyperactive-impulsive) symptoms
of ADHD (Lasky-Su et al., 2008; McCracken et al., 2000; Rowe et a., 1998). For 5-HTT,
the subtype analyses suggested that the long allele of the 5-HTTLPR is preferentially related
to inattentive symptoms, given that the IT showed stronger evidence for association than the
CT and HT groups combined. This finding conflicts with earlier sudiesthat reported a
specific association between the long allele of 5-HTT and the CT, aswell as hyperactive-

impulsive symptoms (e.g., Manor et d., 2001; Seeger et d., 2001).
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The major premise of the second paper of thisthesis rested on the question of
whether there are viable aternative representations of the ADHD phenotype that may serve
to identify more genetically homogeneous clusters of children with ADHD inamore
effective manner than the current DSMVI-1V-defined diagnostic subtypes. It was hypothesized
that methods aimed at reducing heterogeneity in the ADHD phenotype by discriminating
among common comorbid conditions would enhance the power to detect associations
between genes and ADHD. Based on initial evidence suggesting that some true
associations may be obscured if a given candidate gene is associated only with a
particular comorbid subgroup (e.g., Caspi et al., 2008; Kim et al., 2008; Kirley et al.,
2004), it was further hypothesized that symptoms of co-occurring externalizing and
internalizing disorders would moderate the magnitude of associations between ADHD
and DRD4 and 5-HTT. As predicted, tests of moderation showed that co-occurring
symptoms of ODD/CD significantly increased the association between DRD4 and
ADHD. This study replicates similar findings that have shown significant association
between the DRD4 7-repeat allele and ADHD with comorbid ODD/CD, whereas no
association was detected between DRD4 and the overall ADHD sample (Holmeset al., 2002;
Kirley et al., 2004).

Thisreplicated finding seems to raise the question of whether this subgroup with both
ADHD and comorbid conduct disorder (ADHD + CD) represents a quantitative, continuous
co-occurrence or an etiologically distinct subtype (e.g., Faraone et al., 1997). Interestingly,
the ICD-10 (World Health Organization, 1992) aready classifies children in aseparate
diagnostic category (i.e., “hyperkinetic conduct disorder”) if they fulfill diagnostic criteria for

both hyperkinetic disorder and conduct disorder. There is some clinical support for this
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digtinction, based on evidence suggesting that ADHD + CD isamore severe condition with a
worse outcome than either disorder alone (e.g., Barkley et al., 1990; Jensen et al., 1997,
Kuhne et al., 1997).

Family prevalence studies have also suggested ADHD + CD represents adistinct
familial type of ADHD (e.g., Faraone et a., 1997, 1991), though arecent study (Rhee,
Hewitt, Corley, & Stallings, 2003) demongtrated that such family prevalence analyses are
very limited in their ability to discriminate the correct comorbidity model. Specifically, Rhee
et d. used simulated datasets to test the validity of three alternative comorbidity models that
are mogt often examined in the literature (i.e., the alternate forms model, the correlated
liabilities model, and the three independent disorders model).? The results revealed that none
of the family prevalence analyses of ADHD and CD published before 2003 proved to be a
valid test of the three independent disorders model, despite the fact that several studies
concluded that this model (i.e.,, ADHD + CD is etiologicaly distinct from ADHD or CD
occurring alone) isthe correct explanation for the comorbidity between ADHD and CD
(Faraoneet al., 1997, 1991). Thus, Rhee et a.’ sreaults call into question previous
investigators conclusions from family prevalence analyses regarding the etiology of the
comorbidity between ADHD and CD.

In contrast to the family prevalence method, Thapar, Harrington, and McGuffin
(2001) conducted a population-based twin sudy using a liability threshold model approach to
examine how the ADHD + CD group is genetically related to ADHD. Their results provided

support for the notion that ADHD with comorbid CD is a quantitative variant of ADHD that

2 The alternate forms model hypothesi zes that comorbidity between two disorders exists becauise the two
disorders are alternative manifestations of the same underlying liability distributions, the correlated liabilities
model hypothesizesthat theliabilitiesfor the two disorders are significantly corrdated, and the three independent
disorders moddl hypothesizes that the comorbid disorder isathird disorder etiologically separate from either
disorder occurring alone (Rhee et a., 2003).
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is associated with higher genetic loading and higher clinical severity, rather than a genetically
digtinct subtype. Considering Thapar et a.’ sresults along with the current sudy’ s finding
that the association between DRD4 and ADHD was strengthened among children with a
concurrent elevation in ODD/CD symptoms, it appears that the identification of
individuals with higher clinical severity (i.e., the CT or ADHD + ODD/CD) may have
enhanced the statistical power to detect a significant association between ADHD and
DRDA4. Thus, the current findings seem consistent with Thapar et a.’ s assertion that
ADHD with comorbid CD represents a more severe quantitative variant of ADHD with a
higher genetic loading.

As hypothesized in the second paper of this thesis, moderation analyses also
revealed a significant moderating influence of Fear on the association between the 5-
HTTLPR and ADHD such that this association was enhanced for ADHD children with
higher symptoms of SAD, specific phobias, and OCD. It is noteworthy, however, that
ADHD children with concurrent elevated symptoms of Fear were more likely to possess
1 or 2 copies of the short variant of the 5-HTTLPR rather than the putative high risk
variant for ADHD (i.e., the long variant). Although replication of this finding is needed
before drawing firm conclusions, it is possible that ADHD with co-occurring symptoms
of anxiety may reflect a somewhat etiologically distinct subgroup of ADHD children as
compared with those with predominant co-occurring symptoms of disruptive behavior
disorders (e.g., ODD, CD). Additionally, the symptom presentation of this subset of
ADHD children with elevated co-occurring symptoms of anxiety (i.e., SAD, specific
phobias, and OCD) seems to be linked by the common feature of fear of physical harm

(Lahey et al., 2004). Therefore, we might expect that this“ADHD, anxious subtype”
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would be characterized by a unique clinical profile that includes lower levels of
impulsivity and disinhibition, combined with relatively higher levels of inattention and
distractibility (cf. Jensen et al., 1997; Schatz & Rostain, 2006). Further support for a
separate anxious subtype of ADHD stems from several pharmacological studies
demonstrating that children diagnosed with ADHD accompanied by anxiety tend to show
significantly poorer responses to simulant medications than other children with ADHD
(reviewed in Jensen et al., 1997 and Newcorn et al., 2001).

Alternatively, it is possible that the association between Fear and the short alele of
the 5-HTTLPR may be operating independently of children’s ADHD diagnostic status. For
example, an association between the short dlele of the 5-HTTLPR and fear-related traits may
be directly driving this association, without depending on the child’'s ADHD diagnosis per se.
In support of this alternative hypothesis, a significant main effect was found for the Fear
composite, such that the short allele of the 5-HTTLPR was associated with higher levels
of SAD, specific phobias, obsessions, and compulsions. Further support for this hypothesis
is provided by several studiesthat have demonstrated a significant association between the
short alele of the 5-HTTLPR and higher levels of fearfulness and inhibition in children
(Battaglia et al., 2005; Fox et al., 2005; Hayden et al., 2007). Furthermore, this alternative
interpretation is consistent with the findings from family genetic studies suggesting that
ADHD and anxiety disorders are independently transmitted within families (e.g.,
Biederman et al., 1992; Perrin & Last, 1996).

A comparison of the proposed alternative comorbid conditions versus the DSM-1V
ADHD diagnostic subtypes revealed that there are merits to both approaches with respect

to their ability to distinguish more homogeneous phenotypes within the ADHD diagnosis.
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Overall, the results provide modest support for the external validity of the DSM-IV
ADHD diagnostic subtypes, as well as the proposed comorbid ADHD conditions. The
current findings also suggest that no additional benefit is gained when these two
approaches are used simultaneously, likely owing to the fact that the majority of variance
has been already accounted for by parsing the overall ADHD diagnosis into subtypes.

Given the high rates of comorbidity among children diagnosed with ADHD in
both clinic-referred and community-based samples, a better understanding of the role and
significance of comorbidity in the taxonomy of ADHD is necessary (Waschbusch, 2002).
A number of aternative models have been proposed by several researchersto explain the
etiology of comorbidity between two disorders (e.g., Klein & Riso, 1993; Neale & Kendler,
1995; Rutter, 1997). Notably, it is beyond the scope of the current study to ether test
aternative models of the etiology of the co-occurrence of ADHD and other disorders, or to
even exhaugtively consider each of the possible causal models. Nevertheless, it isimportant
to acknowledge that this line of research has significant implications for furthering our
understanding of the classification, treatment, and etiology of childhood disorders.

Firg, the ability to discriminate the correct comorbidity model is important for
improving the classification of psychiatric disorders, as Rhee, Hewitt, Corley, and Stallings
(2003) elegantly demongtrate. There is reason to be concerned that artificial comorbidity may
result fromthe lack of well-validated diagnogtic criteria for the disorders (e.g., observed
comorbidity between two disorders actually may be the product of an artificial subdivision of
one disorder into two disorders). Second, Achenbach (1995) suggests that increased
understanding of the causes of comorbidity between two disorders may be key for improving

treatment research (e.g., asingle treatment may be appropriate if two comorbid disorders are
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truly manifestations of the same underlying liability, whereas different treatments may be
optimally effective if the etiology of the co-occurrence is distinct from either disorder
occurring alone). Third, increased knowledge of the etiological nature of comorbidity
between two disorders will help inform the search for specific genetic and environmental
factors underlying the two disorders. For example, if a mgjority of studiesreveal that
etiological heterogeneity is operating such that the “comorbid disorder” is etiologically
digtinct from either disorder occurring alone, molecular genetic studies would have increased
power for detecting susceptibility genes by examining these groups separately rather than
together (Rhee et al., 2003).
Implications, Limitations, and Directions for Future Research

There are several key findings from the current dissertation that have important
implications for future research aswell as clinical practice. First, the results suggest that
within the heterogeneous diagnostic category of ADHD, the CT represents a more severely
affected group of childrenthanthe I T or the HT, characterized by greater severity of
psychopathology including higher rates of comorbidity aswell as elevated essential
symptoms. Given that children diagnosed with the CT are at increased risk for developing co-
occurring externalizing and internalizing disorders, clinicians should be particularly careful
when assessing this subgroup of children to ensure that concurrent problems are identified
early and treated appropriately. From aresearch perspective, this finding provides initial
evidence suggesting that the identification of a subgroup with greater clinical severity, such
asthe CT, may increase the statistical power to detect a significant association between

ADHD and certain susceptibility genes.
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Second, the current findings raise the possibility that some of the negative
findings reported for the associations between ADHD and DRD4 and 5-HTT may have
been due to sample differences such as diagnostic or genetic heterogeneity that resulted
in reduced power to detect true associations. Moreover, this thesis demonstrated that
when testing a phenotypically heterogeneous condition such as ADHD, undertaking
subgroup analyses (e.g., examining diagnostic subtypes) or moderation analyses (e.g.,
examining the interaction between ADHD and comorbid conditions) can be a useful
strategy for enhancing our ability to detect genetic associations that might be otherwise
obscured. Although the current results suggest that examining association with more
narrowly defined phenotypes can be a productive approach for psychiatric genetic studies
(Cadoret et a., 2003), other investigators have advocated the utility of studying the
genetics of broad diagnostic constructs that span several DSM-1V diagnoses such as
externalizing symptom dimensions (e.g., Krueger et al., 2002; Young et al., 2002). Given
the rudimentary stage of our knowledge of the association between specific genes and
disorders, as well as the likelihood that some genes will be risk factors for several related
disorders whereas others will only confer risk on narrower disorder phenotypes, it isideal
to pursue both of these promising approaches simultaneously (Waldman & Gizer, 2006).

Third, the findings from the current investigation appear most consistent with the
representation of ADHD as aunitary disorder with subtypes, though the current study cannot
conclusively resolve the question of whether the observed ADHD subtype differences more
accurately reflect quantitative variation in severity or qualitatively discrete categories. More
specifically, while the current results suggest that CT isthe most severely affected group of

children included with the overall ADHD diagnosis, this finding nevertheless could be
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explained equally well by a qualitative difference model (i.e., subtypes are distinct diagnostic
entities) as by adimensional model in which the ADHD subtypes are expressions of the same
underlying symptom dimensions but differ in severity (Waldman & Lilienfeld, 2001).
Therefore, additional studies are sorely needed to identify the true latent structure of ADHD,
specifically by simultaneously testing alternative conceptualizations of the ADHD phenotype
(e.g., Factor Mixture Modeling, Lubke et al., 2007).

Fourth, the current results provide further validational support for the hypothesis
that ADHD with comorbid conduct problems represents a more severe quantitative
variant of ADHD with a higher genetic loading, rather than a genetically distinct subtype
(eg., Thapar et a., 2001). Thisstudy aso lendsinitial validational support for an “ADHD,
anxious subtype” as proposed by Jensen et a. (1997), given our finding that ADHD with
co-occurring symptoms of anxiety appearsto reflect a somewhat etiologically distinct
phenotype (i.e., ADHD accompanied by fear/anxiety showed stronger association with
the 5-HTTLPR short allele, rather than the long alele that istypically found to confer risk
for ADHD). These putative comorbid conditions of ADHD (ADHD + CD and ADHD +
Anxiety) warrant further research to examine their external validity, as well as potential
clinical utility for inclusion in the DSM-V. Future studies should test whether children
with these putative comorbid conditions can be distinguished from other children with
ADHD on the basis of external characteristics, such as family history of
psychopathology, genetic and environmental influences, developmental course, and
differential treatment response.

Several limitations should be considered when interpreting the findings reported

herein. The first major limitation concerns the generalizability of the results from the
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current study to other populations, due to variation across studies in phenotypic
measurement (e.g., diagnoses based on parent ratings, teacher ratings, clinical interviews,
multiple raters, or multiple assessment instruments), as well as sample type or referral
source (i.e., community-based vs. clinic-referred samples). Considering that ADHD
diagnoses were based on symptom ratings by parents alone in the current study, the lack
of complementary teacher ratings imposes limits on our ability to determine the extent to
which functional impairment was present in two or more settings, as per the official
DSM-1V criteria. Thus, caution should be used in generalizing the results from the current
study beyond the methodology described herein (i.e., clinic-referred sample, clinical
diagnosis of ADHD based on parents' symptom ratings).

A second important limitation relates to the relatively modest sample size for
undertaking analyses of diagnostic subtypes of ADHD. Dividing a diagnostic category
(i.e., ADHD) into its constituent subtypes reduces the sample size per group, which likely
led to decreased power in detecting differences among the subgroups of ADHD,
particularly for the genetic analyses. A third and related limitation pertainsto the fact that
adimensional approach was used to quantify symptoms of co-occurring externalizing and
internalizing disorders in the second paper, given the low base rate of categorical
internalizing disorders, as well asthe loss of power for detecting genetic associations that
would result from parsing ADHD into subtypes based on comorbid clinical diagnoses.
Although genetic and clinical evidence existsto support the validity of using both
categorical and dimensional approaches in molecular genetic studies (e.g., Levy, Hay,
McStephen, Wood, & Waldman, 1997), it is not clear that the same susceptibility genes

influence clinical diagnoses and dimensional traits in the same manner (reviewed in
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Thapar et a., 2006). Therefore, caution should be used in generalizing the results from
the current study beyond a dimensional representation of ADHD comorbidity.
Furthermore, though the dimensional composite variables composed of co-occurring
symptoms of externalizing and internalizing disorders (i.e., ODD/CD, Distress, Fears)
were created based on findings from empirical studies of the structure of
psychopathology (Krueger, 1999; Lahey et al., 2004) and corresponding behavior genetic
studies (Kendler et al., 2003), further external validation studies of these composite
variables are necessary.

The fourth and final limitation involves the use of only single markers in the two
genes of interest, DRD4 and 5-HTT. Although there is considerable evidence suggesting
associations between these markers and ADHD, single markers nevertheless represent
only asmall proportion of the known and novel genetic variation in DRD4 and 5-HTT.
Ideally, future research focused on the examination of the shared genetic susceptibility of
ADHD and comorbid disorders will examine multiple markers in both selected candidate
genes. A multi-marker approach offers the advantage of effectively capturing the
majority of the common genetic variation in a candidate gene and thus has the capacity to
effectively yield increased confidence that afailed association for multiple markers truly
represents a lack of association with the candidate gene, as well as provide additional

power to detect genes that underlie ADHD.
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Appendix
Alternate Genotyping Protocol for DRD4 and 5-HTT
Genotyping of the 5-HTT (aka SLC6A4) promoter polymorphism and the DRD4
VNTR was performed by Jill Platko, Ph.D., using the following protocol at the
Psychiatric and Neurodevelopmental Genetics Unit (PNGU) in the Center for Human
Genetic Research at Massachusetts General Hospital (MGH) in Boston, MA. Genomic
DNA (5 ng) was amplified in a 7-ul reaction using the marker specific primers (0.2 uM),
KlenTag DNA Polymerase (0.2 U), the proprietary KlenTag Buffer (1X), dNTPs (200
UM each), glycerol (5% for 5-HTT and 10% for DRD4), and Betaine (1 M). The DRD4
VNTR primers were ordered from Applied Biosystems (ABI) and were as follows:
DRD4-EX03B-F VIC-GACCGCGACTACGTGGTCTACTC, DRD4-EX03B-R
CTCAGGACAGGAACCCACCGAC. The DRD4-EX03B-R primer also contained a
proprietary tail that helps stabilize the amplified product. The SLC6A4 promoter primers
were ordered from Integrated DNA Technologies (IDT) and were as follows:
SLC6A4_PRO-F 6FAM-ATGCCAGCACCTAACCCCTAATGT, SLC6A4 _PRO-R
GGACCGCAAGGTGGGCGGGA. Amplification was performed with the following
protocol: 13 cycles of (1) denaturation for 30 seconds at 93°C, (2) annealing for 30
seconds beginning at 61.5°C for the SLC6A4 marker and 69.5°C for the DRD4 marker
and dropped 0.5° C every cycle and (3) primer extension at 72°C for 30 seconds, followed
by 37 cycles of (1) denaturation for 30 seconds at 93°C, (2) annealing for 30 seconds at
55° C for the SLC6A4 marker and 63°C for the DRD4 marker and (3) primer extension at

72°C for 30 seconds, and finally 72°C for 1 hour.
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Amplified products were pooled and combined with size standard (L1Z-250)
before being analyzed on an ABI-3730 (Applied Biosystems). GeneMapper v3.5 software
(Applied Biosystems) was used to analyze the raw results from the ABI-3730. A
genotype was not considered final until two PNGU personnel had independently checked
(and if necessary, corrected) the GeneMapper results and both individuals were in

agreement.



