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Abstract

Genetic contribution to the development of attention deficit hyperactivity disorder (ADHD) is well
established. Seven independent genome-wide linkage scans have been performed to map loci that
increase the risk for ADHD. Although significant linkage signals were identified in some of the
studies, there has been limited replications between the various independent datasets. The current
study gathered the results from all seven of the ADHD linkage scans and performed a Genome Scan
Meta Analysis (GSMA) to identify the genomic region with most consistent linkage evidence across
the studies. Genome-wide significant linkage (Psg=0.00034, Por=0.04) was identified on
chromosome 16 between 64 and 83 Mb. In addition there are nine other genomic regions from the
GSMA showing nominal or suggestive evidence of linkage. All these linkage results may be
informative and focus the search for novel ADHD susceptibility genes.

Keywords
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Introduction

Attention deficit hyperactivity disorder (ADHD) is one of the most common childhood
behavioral disorders characterized by early onset of age-inappropriate hyperactivity,
impulsivity, and inattentiveness [Asherson, 2004]. Family and twin studies have consistently
shown that genetic factors play an important role in ADHD etiology with heritability estimated
around 76% [Faraone et al., 2005]. Meta analysis of candidate gene studies has confirmed small
but significant association with variants within or close to genes such as dopamine D4 (DRD4)
and D5 (DRD5) receptor genes [Faraone et al., 2005]. Novel genes are still to be discovered
through hypothesis free genome-wide linkage and association studies.

To date, seven genome-wide ADHD linkage scans have been published and some chromosome
regions such as 5p13, 14g12, and 17p11 have been indicated in multiple studies [Fisher et al.,
2002; Bakker et al., 2003; Arcos-Burgos et al., 2004; Hebebrand et al., 2006; Ogdie et al.,
2006; Faraone et al., 2007; Asherson et al., 2008; Romanos et al., 2008]. However, no
chromosome region has been consistently identified across the scans and the majority of the
findings were unique to each study. This is not unexpected because the power of individual
scans is likely to be low for a complex trait such as ADHD which may only have genes of small
to moderate effects [Risch and Merikangas, 1996; Waldman and Gizer, 2006]. A combined
analysis of these studies is expected to provide more power to detect true linkage signals.

Although pooling the raw genotypic data to perform a new linkage analysis is an optimal
strategy to maximize statistical power in detecting linkage, there are some difficulties
associated with pooling raw data or interpreting results, especially when there are phenotypic
heterogeneity or genetic map discrepancies between studies. The genome scan meta analysis
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(GSMA) method provides an important alternative strategy [Wise et al., 1999]. It is a rank-
based non-parametric method specifically developed to evaluate the combined evidence for
linkage from multiple genome scans. Apart from the power advantage, GSMA is also robust
to differences in study design and analysis method and it is particularly suitable for identifying
linkage regions that show very mild evidence of linkage across many studies [Levinson et al.,
2003; Lewis et al., 2003]. Here, we apply the GSMA method to all seven published ADHD
genome-wide linkage scans.

Materials and Methods

Genome Scan Meta Analysis (GSMA) Method and Heterogeneity Testing

GSMA divides the genome into N chromosome bins of approximately equal length (e.g., 120
bins of 30 cM), each bin containing at least one marker per study. Bin c.n. denotes the number
nth bin on chromosome ¢ from the p terminal (e.g., bin 5.4 is the fourth bin on chromosome
5). For each scan, the most significant result in each bin is recorded; this could be the highest
LOD score in the interval or the smallest P-value. Within each study, the bins are ranked
according to these results with the most significant bin ranked N. The ranks within a bin are
then summed across studies to get the summed rank SR.

Bins with higher SR indicate evidence of linkage across the studies. The statistic Pgg is the
probability of observing a given SR under the null hypothesis of no susceptibility locus in the
bin and it could be derived from a theoretical distribution or a permutation process. The 5%
threshold for a genome-wide significant linkage is therefore Psg=0.05/N because there are a
total number of N tests within one GSMA analysis [Wise et al., 1999] and for suggestive
evidence of linkage is 1/N. Another statistic produced by GSMA is Por Which is the probability
of observing a given SR for a bin by chance in bins with the same place in the descending order
from random permuted replicates. Multiple bins with Pgr<0.05 and Por<0.05 give empirical
evidence of linkage in a GSMA analysis [Levinson et al., 2003; Lewis et al., 2003].

Toaccount for the sample size difference among studies which is related to the statistical power
to test linkage, the ranks can be weighted by the number of cases or families included in each
study and the significance of GSMA statistics evaluated by permutation. By this means, GSMA
can explore the genome to pick up susceptibility loci that do not show significant linkage signals
in a single study but have consistent sharing across multiple scans.

Compared with the other meta-analysis methods based on Fisher's combined P-value strategy,
GSMA has the advantage to be applied on almost all the genome-wide linkage scans for the
following reasons. Firstly, GSMA uses only the relative significance of a bin (rank) in the
respective study. Therefore it is not necessary to have the same markers genotyped in different
studies as long as there was one marker genotyped in each bin from each study. Secondly, the
different studies do not need to be analyzed with the same statistical method (e.qg., the result
of parametric LOD score or non-parametric allele sharing statistics). Most importantly, GSMA
can incorporate both affected sib pair and extended pedigree studies into the same meta-
analysis. These advantages make GSMA applicable to most available studies and is the most
widely used method in linkage meta analysis [Levinson et al., 2003; Lewis et al., 2003]. For a
more detailed list of GSMA case studies, please go to the homepage
(http:/lwww.kcl.ac.uk/depsta/memoge/gsma/).

Heterogeneity among studies can be assessed by the Q statistic, which is defined as the sum
of the squared deviations of each study's bin rank from the mean bin rank within the GSMA
framework [Zintzaras and loannidis, 2005a]. The significance of Q statistics can be determined
by permutations and it can be adjusted for differing sample sizes as well. Low between-study
heterogeneity indicates consistency of study results in the same bin. Moreover, since the Q
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statistic is associated with the mean rank, an adjusted statistics Qagjusted Can also be computed
by permuting only the bins within £2 average ranks [Zintzaras and loannidis, 2005a].

In the current study we used the GSMA program to get the summed rank SR, Psg, and Ppor
statistics through 10,000 permutations [Pardi et al., 2005]. The 22 autosomes were divided into
120 bins according to the original GSMA protocol and the genome-wide significant threshold
is 0.05/120=0.000417, and the threshold for suggestive evidence of linkage is 0.0083 [Wise et
al., 1999; Levinson et al., 2003]. The program HEGESMA was used to get the Q,gjusted and
its P-values through 10,000 simulations [Zintzaras and loannidis, 2005b]. Both weighted and
un-weighted GSMA analysis was performed. The un-weighted analysis assumes each study
has the same statistical power. To address the power difference across studies, the weight given
to each study in the weighted analysis was computed as the squared root of the number of cases
in each study as shown in Table I. This weight is not idea because both affected sib pair and
extended pedigree studies were included in the current analysis and the statistical power of
each study is not strictly proportional to the number of cases. Therefore un-weighted GSMA
analysis results were also presented.

Application of GSMA to 7 ADHD Scans

Results

All the investigators from the seven published ADHD linkage scans contributed their original
genome scan results for this GSMA analysis. A summary of the studies is shown in Table I.
While two studies collected extended multi-generation pedigree samples, the other five adopted
the affected sib pair design. The total number of cases is 2,084 of which 88% are Caucasian.
All the studies applied the DSM-IV diagnostic criteria in the sample ascertainment process but
used different data capture instruments. In some studies, cases with sub-threshold diagnosis or
comorbid autism were also included in the analysis. For the current meta-analysis, only linkage
statistics based on the stringent diagnostic criteria were included. The four studies published
earlier were genotyped on microsatellite panels mapped on the Marshfield genetic map while
the three recent scans were genotyped with SNP microarrays mapped to the Decode genetic
map [Kong et al., 2002]. For the genetic map positions presented below, all the original
Marshfield map positions were transformed into Decode map positions. The linkage statistics
varied across studies due to the differences in their original study design and analysis methods.

The un-weighted and weighted Pgg statistics for each of the 120 bins are plotted in Figure 1.
Significant thresholds for nominal (P<0.05) suggestive (P<0.0083) and genome-wide
significant (P<0.00042) linkage are marked. Table 11 shows the full details of both weighted
and un-weighted GSMA results, including Pgr, Por and the adjusted heterogeneity test p-
values P for the 10 bins with at least nominal linkage signals (P<0.05) from the un-weighted
analysis.

Linkage signals from both the weighted (SR=718, Psg=0.00038, Por=0.041) and un-weighted
(SR=714, Pgr=0.00034, Por=0.04) analyses in bin 16.4 (16g23.1-gter) were genome-wide
significant for Pgg (according to Lander and Kruglyak's criteria after a Bonferroni correction
for the number of bins) [Lander and Kruglyak, 1995]. The Pgg of around 0.04 from both the
weighted and un-weighted analyses enhances the evidence that this bin is linked to ADHD.
Nine additional bins on chromosomes 5, 6, 7, 8, 9, 15, 16, 17 showed nominal linkage signals
(Psr<0.05) from the un-weighted analysis. For each of the 10 bins with linkage signals, the
Pgr statistics did not differ dramatically between the weighted and un-weighted analyses with
the highest weighted Psg<0.08 as shown in Table Il. Furthermore, no significant rank
heterogeneity among the studies was observed for any of the 10 bins. This heterogeneity test
result was expected because the total number of seven studies provides limited statistical power
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to detect heterogeneity when the gene effect is relatively small or moderate [Lewis and
Levinson, 2006].

Discussion

In the current study, our primary un-weighted GSMA analysis identified a total number of 10
chromosomal regions with nominal linkage signals (Psg<0.05). Under the null hypothesis of
no linkage in any of the 120 bins, only 6 such bins are expected by chance and the probability
of observing 10 or more is 0.077 [Wise et al., 1999]. These results suggest that some of the
bins in our primary GSMA analysis, as nominated by individual linkage scans collectively, are
likely to harbor ADHD genes.

The most significant finding in this GSMA analysis was identified in bin 16.4 which covers
the chromosome region from 16g23.1 to the g terminal. Details of the linkage statistics within
this bin are plotted in Figure 2. This bin had the maximum rank (rank=120) in two scans with
multipoint nonparametric LOD=3.1 in the Asherson et al. [2008] study and MODglobal=3.2
in the Romanos et al. [2008] study. Nominal linkage signals were also observed in two scans
with Multipoint Nonparametric MLS of 1.05 (rank=109) and 1.08 (rank=105) in the Ogdie et
al. [2003] study and the Bakker et al. [2003] study respectively. Even in the other three scans
with no linkage signal, the ranks for this bin are also higher than average with ranks of 80, 73
and 112 in the Faraone et al. [2007] study, the Hebebrand et al. [2006] study and the Arcos-
Burgos et al. [2004] study respectively. Although none of these scans reached genome-wide
significance on their own, these moderate findings had collectively contributed to a genome-
wide significant linkage signal as identified by GSMA.

Interestingly bin 16.3, which is next to bin 16.4 also showed nominal linkage signal (P=0.017)
from the un-weighted GSMA analysis and suggestive linkage (P=0.0072) in the weighted
GSMA analysis. This observation of clustered significant linkage bins could be explained by
the fact that one multipoint linkage signal could extend 30-50 cM and affect the ranks of
adjacent bins [Wise et al., 1999]. To explore this possibility, we repeated the GSMA analysis
by shifting the bin boundaries 15 cM forward [Levinson et al., 2003]. The new bin covering
chromosome 16921-16g24 remained genome-wide significant and the adjacent bins showed
no linkage signals. These results suggest that one strong linked locus within the new bin (64—
83 Mb on the NCBI genome build 35) may account for both 16.3 and 16.4 signals in our primary
GSMA analysis. It is also supported by the details of the linkage statistics as shown in Figure
2 that most of the linkage peaks in bin 16.4 extended to bin 16.3.

There are more than 200 annotated genes within bin 16.4, none of which have been previously
examined in ADHD candidate gene association studies due to their lack of known functional
relevance to the disorder. However, a recent genome-wide association scan found that the
CDH13 (a cell adhesion molecule), which is located on chromosome 16q24, is associated with
methamphetamine dependence [Uhl et al., 2008]. Another genome-wide QTL association scan
using the IMAGE sample also found markers within CDH13 to be strongly associated with
total ADHD symptom scores within children diagnosed with ADHD [Jessica Su et al., in this
issue]. Whether genetic variations of CDH13 explain the linkage signals in this region is beyond
the scope of the current study. Further fine mapping studies or combined linkage and
association analysis are expected to address this issue.

Bin 5.3, which covers chromosome 5q11.2—q14.3, is another region with a nominal linkage
signal in our GSMA analysis. It is worth noting that this bin is 40 cM away from the
chromosome 5p13 region that was indicated as a potential locus for ADHD by two previous
linkage scans [Hebebrand et al., 2006; Ogdie et al., 2006]. It is unlikely that the GSMA signal
observed in bin 5.3 is contributed by linkage to 5p13 as the other five studies showed no linkage
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at this locus. However, it does not mean we should not pursue the 5p13 linkage region either,
because GSMA only identifies promising regions and is not used for exclusion mapping.
Indeed, further fine mapping of the 5p13 region has identified genetic variation of SLC6A3
(dopamine transporter gene) as a potential explanation for the linkage signal [Ogdie et al.,
2004; Friedel et al., 2007].

Although the majority of the subjects included in this study have white European ancestry, the
potential influence of genetic heterogeneity (namely population specific loci) on the GSMA
analysis should not be ignored [Zintzaras and loannidis, 2005a; Lewis and Levinson, 2006].
For example the Arcos-Burgos study used extended pedigrees from a Paisa population isolate
from Columbia and identified genome-wide significant linkage on chromosome 4g13 which
was confirmed by further fine mapping [Arcos-Burgos et al., 2004].

In summary, this GSMA analysis of all seven published ADHD linkage scans suggests that
some chromosome regions identified in the original studies might harbor ADHD genes. As
shown by the recent identification of CNTNAP2 as an autism susceptibility gene, linkage
evidence can play an important role in gene discovery [Alarcon et al., 2008; Arking et al.,
2008; Stephan, 2008]. We conclude that chromosome regions such as 16022-16924 which
show genome-wide significant linkage are worthy of attention even in the era of genome-wide
association studies.
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Individual linkage scan results for chromosome 16q (bins 16.3-16.4) from 6 studies.
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