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1 | INTRODUCTION
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Although the heritability of ADHD is estimated to be high, identifying specific genetic markers
remains challenging. Most studies to date have examined the genetic basis of ADHD by
employing dichotomous diagnostic phenotypes, but, as ADHD symptoms tend to be
phenotypically dimensional, an alternative and potentially informative approach is to examine
continuous indices of inattention and hyperactivity-impulsivity symptoms. The current study
aimed to identify genetic effects on dimensionally-focused adult ADHD-related phenotypes in
990 individuals of European ancestry with intentionally low levels of substance misuse to avoid
confounding. The study used four complementary approaches: (1) analysis of a priori candidate
loci identified in prior meta-analytic work; (2) gene-based analysis; (3) hypothesis-free genome-
wide association testing; and (4) single nucleotide polymorphism (SNP) heritability via genomic-
relatedness-matrix restricted maximum likelihood analysis (GREML). The GREML analysis
included a bivariate model to test whether the ADHD symptom dimensions index the same
genetic liability. The results revealed significant differential associations between two a priori
loci and ADHD phenotypes, rs6296 in HTR1B with inattention and rs3746544 in SNAP-25 with
hyperactivity-impulsivity. No significant gene-based or genome-wide associations were
detected, but SNP heritability revealed that a large portion of genetic variance was accounted
for by common SNPs (44%, 55%, and 59% for inattention, hyperactivity-impulsivity, and total
ADHD, respectively) and substantial shared genetic variance across inattention and
hyperactivity-impulsivity (86%). These findings reveal both unique and common patterns of
genetic influences across dimensional ADHD-related phenotypes. More broadly, these findings

reveal the value in using multiple methods to understand the genetic etiology of ADHD.
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ADHD is highly heritable (70-80%) (Faraone et al., 2005; Freitag, Rohde,
Lempp, & Romanos, 2010), yet the majority of the genetic variance in

Attention deficit hyperactivity disorder (ADHD) is characterized by
clinically significant and developmentally inappropriate levels of
inattention, hyperactivity, and impulsivity (APA, 2013). ADHD is a
heterogeneous disorder with a complex, multifactorial etiology (Faraone
& Doyle, 2001; Willcutt & Carlson, 2005). Twin studies indicate that
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ADHD is unexplained (Franke, Neale, & Faraone, 2009; Kebir, Tabbane,
Sengupta, & Joober, 2009). Reviews and meta-analyses have
highlighted 8-10 candidate genes implicated in dopaminergic, seroto-
ninergic, and glutamatergic signaling along with synaptic vesicle, neurite
outgrowth, and cell adhesion pathways (Gizer, Ficks, & Waldman, 2009;
Li, Chang, Zhang, Gao, & Wang, 2014). While several genome-wide
association (GWA) analyses have used either case-control or family-
based designs (Franke et al., 2009; Zayats et al., 2015), to date no single
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nucleotide polymorphisms (SNPs) have reached the conventional
stringent genome-wide significance threshold (p<5x 1078 Pe'er,
Yelensky, Altshuler, & Daly, 2008).

1.1 | Refining the ADHD phenotype: Categorical
versus continuous symptom measures

One explanation for mixed results is that the categorical ADHD
diagnosis may not be the most useful phenotype for genetic analyses
of ADHD. Given that there is strong evidence to suggest that ADHD
exists on the extreme end of a continuum of behavior (Levy, Hay,
McStephen, Wood, & Waldman, 1997), examining genetic associa-
tions with continuous measures of underlying symptom dimensions
may result in more consistent genetic findings (e.g., Plomin, DeFries,
McClearn, & McGuffin, 2008). Specifically, it is also important to
distinguish between the inattentive and hyperactive-impulsive symp-
tom dimensions. Both exploratory and confirmatory factor analyses
consistently support the distinction between inattention and hyper-
activity-impulsivity (e.g., DuPaul, Power, Anastopoulos, & Reid, 1998),
and both symptom dimensions are associated with multiple aspects of
global, academic, and social impairment (e.g., Lahey et al., 1994). The
discriminant validity of the symptom dimensions has been repeatedly
demonstrated with analyses showing that inattention symptoms are
more strongly associated with internalizing symptoms, academic
difficulties, and neurocognitive weaknesses, whereas hyperactive-
impulsive symptoms are more strongly predictive of comorbid
externalizing behaviors, peer rejection, and accidental physical injuries
(Lahey & Willcutt, 2002). Given the importance of dimensional
symptom information, some candidate genetic studies of ADHD have
begun to focus on continuous symptom phenotypes (e.g., Park et al.,
2004; Waldman et al., 2006; Lasky-Su et al, 2008), but, to our
knowledge, no genome-wide studies have applied dimensional

phenotypes.

1.2 | Focus on adult ADHD as a methodological
strategy

Another problem with finding clear genetic signals may be that the
genetic basis of the disorder may vary with the age of the patient
cohort. Family studies in clinical samples suggest that there may be
higher familial liability for adult ADHD compared with childhood
ADHD (Biederman, Faraone, Keenan, Knee, & Tsuang, 1990;
Biederman et al.,, 1995), supporting the notion that ADHD
symptoms that persist into adulthood may have stronger genetic
liability. Thus, examining the genetic basis of adult ADHD
dimensions may be particularly useful and offer unique etiological
information. Interestingly, a recent meta-analysis specific to adult
ADHD (Bonvicini, Faraone, & Scassellati, 2016) identified a
significant role for the BAIAP2 (brain-specific angiogenesis inhibi-
tor 1-associated protein 2) gene in adult ADHD, which has a role in
neurodevelopment, and has not been identified in larger meta-
analyses of childhood ADHD (Gizer et al., 2009). However, studies,
particularly those of self-reported ADHD in adulthood, generally

report slightly lower heritability estimates ranging from 40% to
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66% (Boomsma et al., 2010; van den Berg et al., 2006). It possible
that these lower, although still substantial, heritability estimates
are due to the fact that cross-sectional self-report of adult ADHD
symptoms may also reflect highly comorbid conditions such as
drug use, leading to increased measurement error of the genetic
liability for ADHD and lower estimates of heritability. Thus,
estimating genetic influences on adult ADHD in samples that are
carefully screened for substance use disorders and other comor-
bidities may clarify these discrepant findings. A further complica-
tion is that there is increasing evidence that adulthood ADHD is
not necessarily a continuation of childhood ADHD. For example, in
a recent cohort study, less than 20% of the individuals diagnosed
during childhood still were classified as having ADDHD in young
adulthood and vice versa (Caye et al., 2016). As a result, distinct
genetic influences may be present for the developmentally distinct

or continuous forms of the condition.

1.3 | Estimating SNP heritability for dimensional
ADHD measures

In addition to candidate gene and genome-wide association
approaches, novel tools that leverage genome-wide data are
increasingly available, but have been applied to the genetics of
ADHD on a very limited basis. For example, Yang et al. (2013)
developed genomic-related-matrix restricted maximum likelihood
(GREML) analysis, implemented via Genome-wide Complex Trait
Analysis (GCTA) software. This technique estimates the phenotypic
variance explained by genome-wide similarity at all genotyped SNPs.
Rather than testing each SNP individually, GREML decomposes the
phenotypic variance into two components: (1) effects due to the
additive influences of all measured autosomal SNPs (SNP heritability
or h%p) and (2) the effects due to unmeasured environmental
influences, random noise, or the effects of genetic variants that were
not measured by the genotyping array. This approach allows for an
estimate of phenotypic variability that can be explained by genome-
wide SNP data.

To date, GREML has been used in two studies on ADHD, both in
developmentally mixed samples of children and adults, to estimate the
additive genetic influences on categorical ADHD diagnosis. These
studies both report an aggregate SNP heritability of approximately
28%, suggesting that common SNPs account for a relatively large
portion of genetic effects detected using traditional biometrical twin
modeling approaches (Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2013; Zayats et al., 2015). Given the
multidimensional, developmental nature of ADHD, a critical step is
to examine the aggregate role of common SNPs on continuous,
dimensional measures of adult ADHD.

1.4 | Current study

The current study sought to address a number of these methodo-
logical considerations, using a number of different strategies to
investigate genetic influences on continuous measures of inatten-

tion, hyperactive-impulsive, and total ADHD symptoms in a
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community sample of 990 adults of European ancestry. We
hypothesized that the dimensional approach to ADHD would
improve power to detect genetic effects and that partially distinct
patterns of genetic association would emerge across the inattention
and hyperactivity-impulsivity dimensions. We also hypothesized
that common genetic variants would account for a substantial
portion of the genetic variance. Further, despite phenotypic
heterogeneity, we hypothesized that a common set of genetic
factors would account for the genetic variances identified across the
symptom dimensions. Importantly, the participants were carefully
screened for substance misuse and other psychological conditions to
minimize the extent to which ADHD phenotypes could be
attributable to either the effects of substance use or comorbid
psychopathology. To test these hypotheses, we employed four
complementary genetic approaches: (1) individual association
tests with a priori candidate loci from prior meta-analyses
(Bonvicini et al., 2016; Gizer et al., 2009); (2) gene-based analyses;
(3) hypothesis-free genome-wide associations; and (4) GREML
implemented in GCTA, including a bivariate model to test
whether the ADHD symptom dimensions have overlapping genetic
liability.

2 | METHOD

2.1 | Procedure

Participants were recruited from the general community at two sites
(Athens, GA and Chicago, IL). Inclusion criteria were English fluency,
between 18 and 30 years of age, and self-reported Caucasian race
and non-Hispanic ethnicity in order to control for population
stratification (Hutchison, Stallings, McGeary, & Bryan, 2004). In
order to control for common ADHD comorbidities, exclusion criteria
were >12 on the Alcohol Use Disorders Identification Test (AUDIT;
Saunders, Aasland, Babor, de la Fuente, & Grant, 1993) or Drug Use
(DUDIT;
Palmstierna, & Schlyter, 2005) and current or last-12-months

Disorders Identification Test Berman, Bergman,
treatment for: depression, bipolar disorder, general anxiety, social
anxiety, post-traumatic stress disorder, obsessive compulsive
disorder, panic attacks/disorder, phobia, psychotic disorders,
anorexia, bulimia, or binge eating. In addition to self-report
substance use, upon arrival to the experimental session, participants
were asked to provide a urine sample for drug screening and a
breath sample to test for blood alcohol content (BAC) level.
Participants with a positive drug screen or BAC >0.00 were
ineligible to proceed. Following screening, participants completed

the self-report measures utilized for this study.

2.2 | Measures

2.2.1 | Demographics

Comprehensive demographics were assessed including, sex, age, race,

income, education, and other descriptive variables.

2.2.2 | World Health Organization (WHO) Attention-
Deficit/Hyperactivity Disorder Adults Self-Report Scale
(ASRS)

The ASRS is an 18-item self-report screening scale for ADHD (Kessler
etal., 2005) with strong internal consistency and inter-rater agreement
with clinician administered ratings (Adler et al., 2006). The ASRS
includes two nine item subscales that assess the frequency (scored
0-4, ranging from never to very often) of inattention (e.g., “How often
do you make careless mistakes when you have to work on a boring or
difficult project?”) and hyperactivity-impulsivity (e.g., “How often do
you fidget or squirm with your hands or your feet when you have to sit
down for a long time?”). The analyses in this study examined summary
scores on the two subscales and total ADHD score (comprised of all
18-items).

2.3 | SNP genotyping and quality control

Genotyping was performed using the Illumina PsychArray Bead-
Chip platform, which calls ~600,000 markers and has optimized
tag SNP content from the International HapMap Project to capture
the maximum amount of common variation. Only SNP variants
were included in the study. All quality control filtering was
implemented in PLINK v1.9 (Chang et al., 2015). SNPs were filtered
for call rates <98%, Hardy-Weinberg Equilibrium (HWE) violations
of p<1x107% MAF < 5%, and invariance. Imputation of missing
genotypes and of new SNPs was performed with IMPUTE2 v.2.3.1
(Howie, Donnelly, & Marchini, 2009) using the 1,000 Genomes
Phase 3 b37 reference panel (1,000 Genomes Consortium, 2015).
Imputed SNPs were excluded for exhibiting an information score of
<0.3, MAF < 5%, HWE violations of p < 1 x 107¢, missingness >5%,
and multiallelic status. Imputed SNPs with confidence <0.9 were
set to missing for individuals. Of the variants that have been
significantly implicated in previous meta-analyses (Bonvicini et al.,
2016; Gizer et al., 2009), four were both present in our dataset and
satisfied these quality control criteria; of note, only SNP, not other
forms of variation, were available in the current study. In sum,
following quality control, four a priori loci (see Table 2), 286,027
genotyped SNPs, and 4,881,535 total genome-wide SNPs were
present for analysis.

2.4 | Participant quality control

Thousand participants had valid genotyping data (call rates >98%,
inbreeding coefficient absolute value <.02, concordant self-
reported sex and X-chromosome determined sex) and satisfied
inclusion/exclusion criteria. To correct any misclassification of
self-reported race, principal components analysis (PCA; Price et al.,
2006) was conducted. Two population outliers were identified and
removed by visual inspection of the PC plot (see Supplementary
Materials). Six participants were excluded for missing ASRS.
Finally, participants were assessed for cryptic relatedness using
GCTA software (Yang, Lee, Goddard, & Visscher, 2011), and two
were removed for relatedness >.05, leaving a final sample of 990

participants.
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2.5 | Data analysis

Internal reliability coefficients and correlations among the ADHD
scales were calculated using SPSS 20.0 (IBM Corp., 2011). Genome-
wide Efficient Mixed Model Association (GEMMA) software (Zhou &
Stephens, 2012) was utilized to conduct univariate linear mixed model
associations with the four a priori loci and the inattention,
hyperactivity-impulsivity, and total scores. Although inattention and
hyperactivity-impulsivity symptom dimensions were our primary
phenotypes of interest, in order to be comprehensive and generaliz-
able with prior work, we also included a continuous measure of total
ADHD symptoms. Given the clear empirical basis for the a priori tests,
a nominal p-value (p <.05) was used. Gene-based analyses used
Versatile Gene-based Association Study 2 (VEGAS?2) software (Mishra
& Macgregor, 2015), employing the top 10% SNP test for optimal
sensitivity and specificity of true positives (Woijcik et al., 2015). Given
the recent report of an erratum in the original VEGAS2 method for
generating empirical p values leading to increased type | error rate, the
publically available updated script was used (Hecker et al., 2017). For
the gene-based tests, a Benjamini and Hochberg (1995) FDR
correction was applied to the resultant p values from the analyses.
For genome-wide analysis, hypothesis-free tests of 4,881,535
genome-wide SNPs were conducted with the same phenotypes.
These analyses accounted for the cryptic relatedness among
individuals by modeling out as a random effect (i.e., the genetic
correlation between individuals). To maximize resolution of effects, an
additive genetic effect model was used whereby participants were
given a 0-2 score for each SNP indicating the number of minor alleles.
A significance threshold of p < 5 x 107 was applied to the GWA tests
(Pe’er et al., 2008). GREML analyses were implemented using GCTA
software (Lee, Yang, Goddard, Visscher, & Wray, 2012; Yang et al,,
2011; Yang, Lee, Goddard, & Visscher, 2013) and used utilized
286,027 autosomal markers. Genomic relatedness matrices (GRM)
were derived and used to explain all three phenotypes (inattention,
hyperactivity-impulsivity, and ADHD Total). Analyses were limited to
individuals who were no more related than second cousins (i.e., GRM-
cutoff of 0.05 was imposed) so that estimates are not confounded with
shared environmental effects and/or causal variants that are not
tagged by the SNPs but captured by pedigree information. Additive
genetic effects (h%snp) on the ADHD phenotypes are un-scaled, and
will be most relevant to a population with the same distribution of
liability. A bivariate-GREML model was implemented for inattention
and hyperactivity-impulsivity to test whether the symptom dimen-
sions index the same genetic liability.

3 | RESULTS

3.1 | Preliminary analyses

Participant characteristics are in Table 1. All three phenotypes were
normally distributed (Total: skewness = 0.17 [SE =.08], kurtosis = 0.55
[SE=0.16]; inattention: skewness=0.19 [SE=.08], kurtosis=0.57
[SE =.16]; [SE =.08],

hyperactivity-impulsivity:  skewness =.27
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TABLE 1 Participant characteristics (N = 990)

Variable %/Mean(SD)/median
Age 21.67 (3.31)

Sex 61.7% Female
Income $60,000-$89,999*

Years of education 14.55 (2.21)°

ADHD total 27.71 (8.22)
Inattention 14.95 (4.76)
Hyperactivity/impulsivity 12.76 (4.86)

3N = 988; °N = 989.

kurtosis =.21 [SE =.16]). Participants reported moderate symptom
endorsement, with the mean total score reflecting 38% of ASRS
maximum (Inattention = 41.5%, Hyperactivity/impulsivity = 35.4%).
Hyperactivity/impulsivityPhenotypic internal reliability was good:
inattention, a =.79; hyperactivity-impulsivity, a=.76; total, a=.83.
Sex and age were considered as covariates by examining their
association with total score, but neither was significantly correlated.
Inattention and hyperactivity-impulsivity subscales were significantly
correlated (r =.46, p = 3.44 x 10733), sharing ~20% of variance.

3.2 | Analysis of a priori loci

Results for the a priori loci associations with ASRS inattention,
hyperactivity-impulsivity, and total are in Table 2. Of the four a priori
loci assessed, one locus (rs6296) was significantly associated with
inattention and one locus (rs3746544) was significantly associated with
hyperactivity-impulsivity. Analyses with ASRS total yielded a significant
relationship for rs6296, while no other significant relationships
were identified. However, there were two trend level findings with
hyperactivity-impulsivity and rs6296 in HTR1B (p = .058) and rs8079781
in BAIAP2 (p =.071). The G alleles of rs6296 and rs3746544 and the C
allele of rs8079781 were associated with higher ADHD scores.

3.3 | Gene-based analyses

Of the 18,937 genes explored in the gene-based associations, none met
the significance criterion after FDR correction. The strongest gene-
based associations for each of the scales were in KDEL endoplasmic
reticulum protein retention receptor 3 (KDELR3; p=6.00x 107
inattention), glycerate kinase (GLYCTK; p = 1.05 x 10™%; hyperactivity-
impulsivity), and ribosomal L24 domain containing 1 (RSL24D1;
p =7.00% 107>; ADHD Total).

To complement the a priori tests, the four corresponding genes
were also specifically examined using gene-based analysis. Using a
nominal significance criterion, HTR1B was significantly associated
with inattention (p=.007) and total (p=.009), and the most
associated SNP was in fact the a priori candidate (rs6296).
SNAP-25 was significantly associated with hyperactivity-impulsivity
(p =.034) and total score (p =.022). To inform future studies, the top
10 genes for each subscale and total score are included in

Supplementary Materials.
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TABLE 2 Associations between a priori loci and adult self-report of ADHD inattention, hyperactivity-impulsivity, and total scales
Hyperactivity
Inattention subscale impulsivity subscale Total score
Chr  Locus Gene Missing  Minor Allele MAF B SE p B SE p B SE p
5 rs27072 DAT1 0 T 169 -377 287 189 -198 292 497 -583 494 239
6 rs6296 HTR1B 5 G 251 662 .243 .007 473 249 058 1.124 422 .008
17 rs8079781  BAIAP2 4 T 238 -238 250 .342 -460 255 071 -701 431 .104
20 rs3746544  SNAP-25 13 G 345 139 228 542 475 231 .039 .634 391 .105

Significance was defined as p < .05 for a priori tests, indicated in boldface; trend level effects (p <.10) are indicated by underlining.

3.4 | Genome-wide association analyses

Manhattan plots for the GWA analyses of the three ADHD scales are
presented in Figure 1. The genome-wide scan did not yield any
significant associations for any scale. The strongest association for
each of the scales were in intergenic regions at chromosome 17,
position 327457845 (p=6.10 x 1077 for rs17577327; inattention),
chromosome 5, position 53944834 (p=4.80 x 10™* for rs1900166;
hyperactivity-impulsivity), and chromosome 11, position 121255184
(p=3.43x1077 for rs99672; ADHD Total). Suggestive associations
(p < 107°) and quantile-quantile (Q-Q) plots for each phenotype are
included in Supplementary Materials. The Q-Q plots suggest the
majority of markers fit null expectations.

3.5 | Genome-wide SNP heritability

Using GREML to estimate variance in ADHD scales attributable to
genotyped SNPs, the additive genetic effects were significant for
hyperactivity-impulsivity (53.83% SNP heritability, SE =.262, p =.004)
and ADHD Total (59.02% SNP heritability, SE =.279, p =.005), and at a
trend level for inattention (43.65% SNP heritability, SE = .301, p = .066).
The genetic overlap between inattention and hyperactivity-impulsivity
using bivariate-REML indicated that they were highly genetically
correlated (rg.snp=.861, SE=.376, p=.03), suggesting substantial
overlapping additive genetic influences that significantly differed
from zero on these two domains of ADHD. The results of all GREML

analyses are included in Table 3.

4 | DISCUSSION

Our study aimed to clarify genetic etiology of ADHD by using multiple
genomic approaches to test for associations between a priori
candidate loci, genes, and genome-wide SNPs on continuous
dimensional measures of ADHD in a healthy adult population that
had been screened for concurrent substance use and other common
comorbidities. Similar to previous studies, gene-based and genome-
wide analyses did not reveal genes or SNPs that met the significance
criterion (Franke et al., 2009; Zayats et al., 2015). However, results
revealed significant differential associations between a priori genetic
loci and the quantitative dimensional measures of ADHD, suggesting

that specific loci may contribute more strongly to either inattention or

hyperactive-impulsive symptoms. These findings were somewhat
corroborated in gene-based tests that revealed similar associations
between the genes in the a priori tests in relation to the ADHD
phenotypes, albeit using a nominal significance criterion. In addition,
GREML methods suggested substantial SNP heritability for each
measure of adult ADHD (44-59%) and bivariate models indicated that
genetic influences significantly overlapped across inattentive and
hyperactive-impulsive symptom dimensions (86% overlap). Thus,
although the genetic influences on inattention and hyperactivity-
impulsivity overlap significantly, a notable proportion of the common
SNP heritability of each dimension is unique (~14%), supporting a
dimensional approach to genetic studies of ADHD.

When considering the a priori candidate SNPs, the results
revealed significant associations between two of the four loci and
dimensions of ADHD: rs6296 in HTR1B was significantly associated
with inattention and total ADHD, while rs3746544 in SNAP-25 was
significantly associated with hyperactivity-impulsivity. An effect of
these two loci on ADHD across studies has been consistently
supported via meta-analytic work (Gizer et al., 2009) and our findings
suggest possible differential effects for these SNPs when ADHD is
parsed dimensionally. The serotonin 1b receptor gene (HTRIB) has
been associated with increased attention to novel stimuli (Malleret,
Hen, Guillou, Segu, & Buhot, 1999) and failure to show expected
responses to amphetamine administration (Brunner & Hen, 1997).
Further, variation in the SNP examined here, rs6296, has recently been
associated with differential neural responses and task performance
during the Stop Signal Task, a widely-used task tapping the underlying
attentional and response inhibition deficits strongly linked with ADHD
(van Rooij et al., 2015).

The SNAP-25 gene is increasingly gaining attention due to its link
with multiple psychiatric disorders, most notably ADHD, schizophre-
nia, and bipolar disorder (for a review see Antonucci et al., 2016).
SNAP-25 codes for a protein impacting axonal growth, synaptic
plasticity, and presynaptic neurons necessary for the regulation of
neurotransmitter release (Séllner et al., 1993) and is putatively linked
to network hyperexcitability through defective control of voltage
gated calcium channels. Perhaps most relevant, studies have found
that mice lacking one copy of the SNAP-25 gene display hyperactive
behavior (Hess, Jinnah, Kozak, & Wilson, 1992) and that a transgene
(expressing SNAP-25) that was bred into mice with SNAP-25 depletion
reduced hyperactivity (Hess et al., 1995). Consistent with this work

suggesting potential differential influences for these genes on specific
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FIGURE 1 Genome-wide association Manhattan plots. The Manhattan plots display level of significance for each SNP, organized by
chromosomal position from chromosomes 1-22. Panel A presents ADHD inattention, Panel B presents ADHD hyperactivity-impulsivity, and
Panel C presents ADHD total score. The blue line indicates suggestive significance (p < 10-5). No SNPs achieved genome-wide significance

(p<5x10-8)

components of the broader ADHD phenotype, our results reveal
somewhat distinct patterns of genetic association with ADHD
symptom dimensions. Together, these data support the need for
continued studies that test the notion that these variants may
differentially contribute to separable phenotypic components of
ADHD with a dimensional approach.

In contrast to these significant findings, associations with two of

four candidate loci were not supported. It is possible that these

TABLE 3 Proportion of variance explained by genome-wide SNPs
across adult self-report of ADHD symptoms based on the Adult
Self-report Scale (ASRS)

Phenotype h2snp SE p

ADHD total .590 279 .005
Inattention 436 .301 .066
Hyperactivity-impulsivity .538 262 .004

previously identified loci exert smaller effects than previously
identified, do not have parallel effects in this sample because of an
unconsidered suppressor variable, or are simply false positives in the
literature. Of note, rs8079781 (BAIAP2) exhibited a trend-level
relationship with hyperactivity-impulsivity (consistent with direction
of effects in the adult ADHD meta-analysis Bonvicini et al., 2016) and
would be expected to reach significance in a modestly larger sample.
Notably, BAIAP2 codes a protein connected to postsynaptic density at
excitatory synapses and regulation of dendritic spines, and it is
implicated in multiple psychiatric disorders, most notably ADHD,
autism spectrum, and schizophrenia (for a review see Kang, Park, &
Kim, 2016). Despite these considerations, however, the most
appropriate conclusion from these results is that these loci are not
associated with either ADHD dimension or total score.

No significant gene-based or genome-wide associations were
observed. The strongest gene-based associations were not in

biological systems of obvious relevance to ADHD and, likewise, the



464 AMERICAN JOURINAEROFEY ., .

BIDWELL ET AL.

: ] N hiatr
medical geneties| 1 """ ireies mAAZ LB NG

genome-wide signals all fell into intergenic regions. While some
intergenic DNA controls genes nearby, the function of most intergenic
sites is unknown. Thus, the relevance of potential signals in these
regions to ADHD pathophysiology is not clear. Further examination
will be necessary to determine whether these intergenic loci are truly
relevant or simply false positive findings. The absence of significant
genome-wide findings is likely because our study is of modest size and
thus has low power to detect associations of small effect. This
obliquely provides further evidence that genetic influences on ADHD
are unlikely to be from a small number of influential loci, but from very
large numbers of loci exerting small effects.

Also consistent with this conclusion are the SNP heritability
results. The SNP heritability estimates suggested that a substantial
amount of genetic variance in ADHD symptoms is accounted for by
common  SNPs (h2 SNP-inattention = 44%, h? SNP-Hyperactivity-impulsiv-
ity = 54%, and h? snp-Total = 59%). Thus, although the effects of
individual SNPs appear to be quite small, considering the aggregate
effects of SNPs genome-wide provides compelling evidence that
common SNPs account for a large portion of the genetic variance in
ADHD measures, over half to two-thirds of what has been suggested
by twin studies (typically between 70% and 80%). In addition, results
suggest that aggregate effects of common SNPs may be highest for
hyperactivity-impulsivity and total ADHD scores, suggesting that
ADHD symptoms, particularly hyperactivity-impulsivity symptoms
that persist into adulthood are strongly genetically influenced. Results
of the bivariate GREML model suggesting an rg. snp of 86% provides
the first evidence that the common variants influencing inattention
and hyperactivity-impulsivity significantly overlap, pointing to sub-
stantial shared genetic variance across inattention, and hyperactivity-
impulsivity. This finding is consistent with prior twin work supporting
shared genetic variance across these phenotypes (Willcutt et al.,
2012). These GREML results, coupled with the candidate SNP
association findings, suggest that although influences largely overlap
across the two phenotypes, unique pathways may be implicated across
inattention and hyperactivity-impulsivity dimensions. This potential
etiological differentiation is underscored by studies strongly support-
ing the discriminant validity of these dimensions on behavioral,
neurocognitive, and clinical metrics (Lahey & Willcutt, 2002).

Although our study is the first to use GREML to parse the genetic
variance of dimensionally-defined ADHD, our findings are consistent
with prior work suggesting that a substantial amount of ADHD genetic
variance is accounted for by common SNPs (Cross-Disorder Group of
the Psychiatric Genomics Consortium, 2013; Zayats et al., 2015).
Notably, SNP heritability estimates reported here are even higher than
those reported in the two prior studies using this method. These
studies, both in mixed samples of children and adults, reported
aggregate SNP heritabilities of 28% for ADHD as a categorical
diagnostic measure. In contrast, our substantially higher point
estimates for ADHD symptom dimensions (inattention and hyperac-
tivity-impulsivity) as well as total ADHD symptoms suggest that
testing effects on continuous and dimensional phenotypes and using
more developmentally homogenous samples may be useful in parsing
the phenotypic and age-related heterogeneity of ADHD. Notably, our
estimates also differ from some prior twin and family work suggesting

lower heritabilities in adult samples relying on self-reported symptoms
(Boomsma et al., 2010; van den Berg et al., 2006), likely due to our
careful screening for common adult ADHD phenocopies, such as
heavy substance use. Although it is necessarily conjecture, it may be
the case that these methodological aspects of the study reduced
measurement error, narrowing the ADHD phenotype and making it

more tractable for genetic dissection.

4.1 | Methodological considerations

These findings should be interpreted in the context of the following
methodological considerations. The modest sample size left the study
underpowered to detect medium-to-small magnitude genetic effects,
particularly using genome-wide association techniques. Further, our
dimensional measures of ADHD are based on self-report in adulthood
and not a diagnostic interview by a clinician. While this approach to
characterizing adult ADHD symptoms has been shown to generate
data with adequate reliability and validity (Adler et al., 2006), these
genetic effects should also be examined in concert with clinical ratings
of ADHD dimensions. Our use of a community sample suggests that
our association findings and estimates of SNP heritability are broadly
generalizable to the population, but may differ in a sample selected for
ADHD (Lee et al., 2012). Furthermore, given evidence of discontinuity
between childhood and adulthood ADHD (Caye et al., 2016), it is an
open question whether these findings would generalize to a younger
sample. Importantly, considering our modest statistical power for
detecting SNP heritability and large errors standard errors, our SNP
heritability estimates should be interpreted cautiously. Further, the
estimates across ADHD phenotypes do not differ significantly from
each other. However, the observed point estimates for genetic effects
across studies of the same phenotype tend to be highly stable across
sample sizes, with standard errors shrinking as sample sizes increase
(Stanton-Geddes, Yoder, Brikine, Young, & Tiffin, 2013). Importantly,
in regards to rs3746544 of SNAP-25, our findings indicated that the
minor (G) allele of rs3746544 was associated with increased risk for
hyperactive-impulsive symptoms, whereas meta-analyses (Gizer et al.,
2009) report an association with the major (T) allele. This raises the
possibility that rs3746544 is a proxy for the true causal variant and
thus these conflicting patterns of association could be related to
population differences with respect to LD in this region. However, it
could also be interpreted as a false positive result. Thus, future studies
with larger samples are needed to replicate these findings and to
confirm the observed effects on dimensionally-focused adult ADHD. It
should also be noted that the current findings are limited to common
genetic variants, ignoring any contribution from less common and rare
variants, which likely play a role (Poelmans, Pauls, Buitelaar, & Franke,
2011; Stergiakouli et al., 2012), and were restricted to SNP variation.
Future whole-genome studies incorporating rare polymorphisms and

alternative forms of variation are needed to address these limitations.

4.2 | Summary

This study suggests that continuous dimensional phenotypes may help

in the search for meaningful genetic signals for adult ADHD,
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particularly in the context of its polygenic and multifactorial nature.
Here, multiple approaches to genetic analyses revealed both that
particular loci appear to exert stronger effects to the etiology of one or
the other dimension, but also that the genetic effects are substantially
shared across inattention and hyperactivity-impulsivity. More broadly,
these findings reveal the value in using multiple methods to refine the

understanding of the genetic etiology of ADHD.
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