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Abstract

Results of behavioral genetic and molecular genetic studies have converged to suggest that both
genes contribute to the development of ADHD. Although prior linkage studies have produced
intriguing results, their results have been inconsistent, with no clear pattern of results emerging
across studies. We genotyped 5,980 SNPs across the genome in 1,187 individuals from families
with children diagnosed with ADHD. We then performed two nonparametric linkage analyses on
ADHD families: (1) an affected sibling pair linkage analysis on 217 families with 601 siblings
diagnosed with ADHD and (2) a variance components linkage analysis using the number of
ADHD symptoms as the phenotype on 260 families with 1,100 phenotyped siblings. The affection
status linkage analysis had a maximum LOD score of 1.85 on chromosome 8 at 54.2 cM. The
maximum LOD score in the variance components linkage analysis was 0.8 on chromosome 8 at
93.4 cM. The absence of regions of significant or suggestive linkage in these data suggest that
there are no genes of large effect contributing to the ADHD phenotype.
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INTRODUCTION

With a prevalence of eight to twelve percent worldwide [Faraone et al., 2003], attention
deficit/hyperactivity disorder (ADHD) is among the most common childhood psychiatric
disorders. Its name reflects the range of possible clinical presentations, which may include
hyperactivity as well as inattention and impulsivity [Faraone, 2005]. In spite of this
heterogeneity, and some shift in diagnostic criteria [American Psychiatric Association,
1987], it is also among the best-validated childhood diagnoses from both clinical,
longitudinal and neurobiological perspectives [Faraone and Biederman, 1998; Faraone et al.,
2000, 2006; Faraone, 2004a]. This feature, along with early observations that family
members of children with ADHD were at elevated risk for ADHD [Morrison and Stewart,
1971], and that the heritability of ADHD is about 76%, made ADHD an attractive target for
genetic studies [Faraone, 2004b; Faraone et al., 2005].

In an attempt to find regions of chromosomes which might harbor genes for ADHD, several
groups have conducted genome-wide linkage scans. A study of 126 American affected sib-
pairs found three regions showing some evidence of linkage (LOD scores >1.5): 5p12,
10926, 12923, and 16p13 [Fisher et al., 2002]. An expanded sample of 203 families found
stronger evidence for the 16p13 region, previously implicated in autism, with a maximum
LOD score of 4 [Smalley et al., 2002]. A study of 164 Dutch affected sib-pairs also
identified a peak previously noted in autism, at 15q15, with a peak LOD score of 3.5
[Bakker et al., 2003]. Two other peaks, at 7p13 and 9933, yielded LOD scores of 3.0 and
2.1, respectively. A genome-wide scan of families from a genetically isolated community in
Columbia implicated 8q12, 11923, 4q13, 17p11, 12q23, and 8p23 [Arcos-Burgos et al.,
2004a]. A study of 155 sib-pairs from Germany reported a maximum LOD score of 2.59 for
chromosome 5p at 17cM. They also reported nominal evidence for linkage to chromosomes
69, 7p, 99, 11q, 12q and 17p, which had also been identified in previous scans.

Table | summarizes the maximum LOD scores from the prior linkage studies. Although
there is some overlap in nominally significant linkage peaks, there is no evidence for the
replication of a genome-wide significant finding using strict criteria [Lander and Kruglyak,
1995]. Nevertheless, given that these studies show some overlap for peaks at lower LOD
scores and that each, individually had low power to detect linkage to genes of small effect,
these regions remain of interest for replication studies and for fine mapping efforts. For
ADHD, the lack of replication across the available studies completed so far suggests that
genes of moderately large effect are unlikely to exist. Thus, eventually, pooled data sets and
for this reason, further studies are may be needed to increase the power of available linkage
data.

METHODS

Subjects

For a family to be included in the study, we required two or more full biological siblings
with a lifetime diagnosis of DSM-IVV ADHD who were willing to provide blood samples for
DNA extraction and had at least one participating parent. Families were predominantly
ascertained through the Clinical and Research Program in Pediatric Psychopharmacology
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within the child psychiatry unit at the Massachusetts General Hospital (49%). Remaining
families were referred from local private child psychiatry and pediatric practices (24%),
newspaper and support group advertisements (18%), the outpatient psychiatry unit at
Children’s Hospital in Boston (5%) and an outpatient child psychiatry clinic at the
University of Nebraska (4%). No ethnic or racial groups were excluded. Potential subjects
were excluded if they had been adopted, if their nuclear family was not available for study
or if they did not wish to provide a blood sample. We also excluded youth with major
sensorimotor handicaps, active psychosis, inadequate command of the English language, or
suspected 1Q less than 70. Parents provided written informed consent for themselves and
their children; children and adolescents provided written assent to participate.

A two-stage procedure selected the final sample. The first stage confirmed the diagnosis of
the sibling pair with the primary caregiver or adult sibling pair using a telephone
questionnaire that included ADHD and exclusion criteria. The second stage was a structured
interview (see below). Families with sibling pairs receiving positive diagnoses at both stages
were included in the study.

The Schedule for Affective Disorders-Child Epidemiological Version (Kiddie—SADS-E)
was used to assess lifetime and current DSM-1V diagnoses of ADHD and a range of
internalizing and externalizing disorders in youth. The K-SADS-E is a widely used semi-
structured psychiatric diagnostic interview, with established psychometric properties
[Orvaschel, 1994]. 1t was designed for use in clinical and epidemiologic research with
children and adolescents age 6—17. For all youth, psychiatric data were collected from the
mother or primary caregiver. In addition, youth 12 and older were directly interviewed.
Children younger than 12 were not interviewed directly because studies suggest limited
reliability of such interviews [Edelbrock et al., 1985; Achenbach and McConaughy, 1987;
Schwab-Stone et al., 1994; Breton et al., 1995]. Subjects 18 and older received the
Structured Clinical Interview for DSM 1V (SCID) [First et al., 1997] with a supplement
from the K-SADS-E to assess child psychiatric disorders.

All interviews were conducted by personnel in the Clinical and Research Program in
Pediatric Psychopharmacology at the Massachusetts General Hospital. Subjects were
interviewed in person, with the exception of families ascertained from the University of
Nebraska who were interviewed over the telephone. Interviewers had Master’s or Bachelor’s
degrees in psychology or a related field. They underwent a 3-month training program that
included mastery of DSM-1V criteria, observation of experienced raters, and achievement of
high levels of inter-rater reliability with senior raters. Kappa coefficients assessed diagnostic
agreement between randomly audiotaped interviews and board certified child psychiatrists
and psychologists for 173 subjects. The Kappa for ADHD was 0.99. Raters were blind to the
ascertainment status of subjects because they were conducting comparable psychiatric
interviews for other family studies at MGH. Final diagnoses were made after blind review of
interview data by psychiatrists and clinical psychologists. The committee made a Best
Estimate diagnosis as described by Leckman et al. [1982]. Definite diagnoses were assigned
to subjects who met all diagnostic criteria and warranted clinical concern due to the nature
of the symptoms and impairment. To combine discrepant parent—offspring reports, the most
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severe diagnosis was used, unless it was felt to be unreliable. Symptoms were coded as
present if endorsed by either rater.

Information on all 18 DSM-IVV ADHD symptoms was collected. The inattentive symptoms
include: (1) inability to pay attention to details; (2) difficulty with sustained attention in
tasks or play activities; (3) listening problems; (4) difficulty following instructions; (5)
problems organizing tasks and activities; (6) avoidance or dislike of tasks that require mental
effort; (7) tendency to lose things like toys, notebooks, or homework; (8) distractibility; and
(9) forgetfulness in daily activities. Hyperactive-impulsivity symptoms include: (1) fidgeting
or squirming; (2) difficulty remaining seated; (3) restlessness; (4) difficulty playing quietly;
(5) always seeming to be “on the go”; (6) excessive talking; (7) blurting out answers before
hearing the full question; (8) difficulty waiting for a turn or in line; and (9) problems with
interrupting or intruding. The total number of these symptoms that each individual exhibited
was also computed.

Genotyping

Genotyping services were provided by the Center for Inherited Disease Research (CIDR)
using 5,980 single nucleotide polymorphisms (SNPs) spaced at an average of rv121 kb
intervals, following CIDR’s standard genotyping procedures (http://www.cidr.jhmi.edu/
human_snp.html). In brief, CIDR performs whole genome SNP linkage scan genotyping
using Illumina’s BeadArray™ technology on a BeadLab system. CIDR uses the Illumina®
Linkage IVb Marker Panel. Using this Illumina platform a total of 6,008 total SNP assays
were attempted for genotyping. lllumina’s Gentrain software was used to evaluate all
genotypes using a quantitative quality score called GenCall score. A GenCall score ranges
from 0 to 1 and reflects the proximity within a cluster plot of the intensities of that genotype
to the centroid of the nearest cluster. Genotypes were dropped from the analysis if any of
several problems occurred: (1) GenCall scores less than 0.25; (2) poorly defined clusters; (3)
excessive replicate and/or Mendelian errors; or (4) more than 50% missing data, unless
otherwise noted. A total of 5,980 SNPs passed these quality control specifications. Pedigree
and Mendelian inconsistencies were checked using GAS, version 2.0 [Young, 1995], GRR
[Abecasis et al., 2001], and PEDCHECK [O’Connell and Weeks, 1998]. Descriptive
summaries of quality of the data were also evaluated using PLINK [Purcell et al., 2007]. All
monozygotic twins and SNPs with Hardy—Weinberg equilibrium P-values less than 0.01
were removed from the analysis.

Linkage Analysis

Two multipoint nonparametric genetic linkage analyses were preformed on these data. In the
first analysis, Kong and Cox [1997] LOD scores were calculated in an affected sibling pairs
linkage analysis. In the second analysis, variance components linkage analysis was
performed using the total number of ADHD symptoms as the quantitative trait of interest.
Both Analyses were performed using Merlin [Abecasis et al., 2002]. Allele frequencies were
calculated in Merlin using all available individuals. In both analyses, interpolated DeCode
genetic distances were used to map the SNPs [Kong et al., 2002]. Analyses were done with
adjusting for the possible linkage disequilibrium between SNPs with a correlation of 0.30 or
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greater [Abecasis and Wigginton, 2005]. The X chromosome was also analyzed in Merlin
using the minx option.

Empirical simulation to establish genomewide significance were performed if a LOD score
greater than 3.0 was achieved in either linkage analysis. Such simulations were performed in
MERLIN [Abecasis et al., 2002]. MERLIN generates simulated chromosomes that have the
original data structure with regard to marker informativeness, marker spacing, and missing
data patterns. Data are generated under the null hypothesis of no linkage and no association
to our phenotype, ADHD. One thousand simulations were generated to assess genome-wide
significance.

RESULTS

After cleaning procedures, 5,980 SNPs were genotyped and released for 1,187 individuals.
The missing genotype rate after removing Mendelian inconsistencies was 0.56% over the
entire sample. The discordance rate for duplicate genotypes assayed on the same plates as
the study genotypes was 0.002%. Descriptive statistics on the individuals used in the linkage
analyses are provided in Table I1.

The results of both linkage scans are summarized in Figure 1. The affection status linkage
analysis had no LOD scores greater than greater than 2, indicating that there was no
convincing evidence for linkage using this phenotype. The maximum LOD scores for this
analysis were 1.85 on chromosome 8 at 54.2 ¢cM and 1.81 on chromosome 15 at 51.7 ¢cM. In
the variance components linkage analysis, there were no regions with LOD scores greater
than 1.0. The maximum LOD score was 0.8 on chromosome 8 at 93.4 cM. Because there
were no LOD scores above 3, no empirical P-values were generated.

DISCUSSION

Although prior linkage studies of ADHD (Table I) have produced suggestive evidence for
linkage, our linkage scan of 271 sib-pair families was negative. The maximum LOD scores
for both the diagnostic and quantitative phenotypes were small, and the regions implicated
by those weak findings do not overlap with the suggestive peaks reported by prior studies.
Our results clearly rule out the possibility that major single genes are involved in the
etiology of ADHD, but given that linkage analysis has low power to detect genes of small
effect, such susceptibility loci cannot be ruled out.

In comparing our work with prior studies, we can see no obvious reason why our study
produced uniformly negative findings whereas the others reported suggestive evidence for
linkage. Our sample was as large or larger than the other sib-pair samples. Additionally, our
methods of assessment and diagnosis, although not identical, should have defined a similar
ADHD phenotype. Indeed, distribution of ethnicity and rates of comorbidity were not
dramatically different than found in other studies. Moreover, even with phenotypic
differences among studies, such differences should not have dramatically affected the degree
of genetic involvement given that our review of 20 twin studies shows high heritability for
ADHD using several different methods of diagnosis.
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Because the current scan used a different method of genotyping (i.e., [llumina’s SNP panel
rather than microsatellites), it is possible that the improved data quality translated into fewer
false positive signals in the current sample compared to others. Given that the method of
linkage analysis is known to have low power for genes of small effect [Risch and
Merikangas, 1996], it is feasible that the variable pattern of linkage results across previous
studies has been caused by the difficulty that low powered studies have in distinguishing
true linkage signals from false positive signals. This hypothesis suggests that to clarify
linkage analysis results for ADHD will require either an extremely large sample or a
collaborative meta-analysis which pools linkage analysis data sets, as has been done for
schizophrenia [Lewis et al., 2003] and bipolar disorder [McQueen et al., 2005].

The only firm conclusion we can draw from this report is that the effects of ADHD genes
cannot be very large. This, in turn, suggests that the discovery of ADHD genes will need to
rely on the method of association applied to either targeted candidate genes [e.g., Brookes et
al., 2006; Qian et al., 2006; Wang et al., 2006; Li et al., 2006a,b] or a full genome-wide
association scan.
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Fig. 1.
Linkage analysis results for the qualitative and quantitative traits.
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TABLE |

Maximum LOD Scores From Prior Genome Scans of ADHD

Study Region LOD
USA2 16p13 3.7
Usa? 17p11 3.0
Usa? 12p13 26
Usa 5p13 2.6
Usa® 6q12 3.3

The Netherlandsb 15915 35

The Netherlands® P13 30
The Netherlands® 9933 21
Columbia® 17p11 28
Columbia® 11922 25
Columbia® 59333 24
Germanyd 5p13 2.6

aFisher etal. [Fisher et al., 2002], Ogdie et al. [Ogdie et al., 2002, Ogdie et al., 2003, Ogdie et al., 2004].
bBakker et al. [Bakker et al., 2003].
CArcos-Burgos et al. [Arcos-Burgos et al., 2004b].

dHebebrand et al. [Hebebrand et al., 2006].
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TABLE Il
Descriptive Statistics for the Linkage Sample
A: Overall number sample size
Number of families 271
Number of genotyped individuals 1,170

B: Descriptive information for the affection status linkage analysis

Number of families 217

Gender distribution

Male 358 (59.6%)

Female 243 (40.4%)

Number of affected siblings 601
Number of siblings per family

2 98

3 82

4 30

5 5

6 1

8 1

C: Descriptive information for the ADHD symptom count linkage analysis

Number of families 260
Number of phenotyped siblings 1,100
Number of affected siblings per family

2 9

3 52

4 108

5 64

6 20

7 4

8 1

9 2
Gender distribution

Male 577 (52.5%)

Female 523 (47.6%)
Average number of the total ADHD symptoms (standard deviation) 9.19 (6.06)
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