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Abstract

Attention-deficit/hyperactivity disorder (ADHD) shows substantial heritability and is 2-7 times
more common in males than females. We examined two putative genetic mechanisms
underlying this sex bias: sex-specific heterogeneity and higher burden of risk in female cases.
We analyzed genome-wide common variants from the Psychiatric Genomics Consortium and
iPSYCH Project (20,183 cases, 35,191 controls) and Swedish population-registry data (N=77,905
cases, N=1,874,637 population controls). We find strong genetic correlation for ADHD across
sex and no mean difference in polygenic burden across sex. In contrast, siblings of female
probands are at an increased risk of ADHD, compared to siblings of male probands. The results
also suggest that females with ADHD are at especially high risk of comorbid developmental
conditions. Overall, this study supports a greater familial burden of risk in females with ADHD
and some clinical and etiological heterogeneity. However, autosomal common variants largely

do not explain the sex bias in ADHD prevalence.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a common (~5% childhood prevalence) and
highly heritable (70-80%) neurodevelopmental disorder™*. Recent large-scale genome-wide
association studies (GWAS) suggest the involvement of thousands of genetic risk variants
across the spectrum of allele frequencies®”. The first robust genome-wide significant single
nucleotide polymorphisms (SNPs) have recently been identified in a GWAS meta-analysis of
20,183 ADHD cases and 35,191 controls/pseudo-controls’. While such efforts are beginning to
shed light on the biology of ADHD, secondary genome-wide analyses can address important

issues regarding the etiological and clinical heterogeneity of ADHD.

One striking epidemiological observation about childhood ADHD is that males show a 2-7
times higher diagnosis rate compared to females®. The male excess is more pronounced in
individuals ascertained from clinics than from the community, and this sex difference
attenuates in adulthood®. The reasons for the substantial difference in prevalence in childhood
are unclear. Here we present a series of analyses aimed at elucidating the basis for these

differences.

Sex-specific heterogeneity

One possibility is that ADHD in females is qualitatively different from ADHD in males.
Although a review of twin studies found no difference in overall heritability estimates by sex in
ADHD?, this does not necessarily imply that the same genetic risk variants are involved in the
etiology of ADHD in males and females. If ADHD in clinically-diagnosed males is distinct from
ADHD in diagnosed females, then this could yield differences in the prevalence. Sex-based
genetic heterogeneity in common variants has been shown for several complex human traits

)****. Here, we used a genome-wide assessment of the

(e.g. blood pressure and waist-hip ratio
genetic correlation of ADHD in males and females to determine, whether genetic

heterogeneity from common variation contributes to the observed biased prevalence.

The absence of extensive sequencing data currently precludes analogous analyses of rare
genetic variants. Instead, to evaluate whether such variants play differential roles in males and

females with ADHD, we used risk for comorbid brain-related developmental disorders (i.e.
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ASD, intellectual disability, epilepsy, motor developmental delay) and rare syndromic
phenotypes (i.e. congenital malformations, syndromes related to chromosomal abnormalities)
as a proxy for possible presence of de novo or rare segregating alleles. Rare, highly deleterious
(including non-inherited) genetic variation has been implicated in such phenotypes™ 2.
Indeed, comorbid ID in the context of ADHD has been associated with an increased likelihood
of an individual being a carrier of a large, rare CNV?. It has also long been known that rare
genetic syndromes (e.g. Fragile-X syndrome, velo-cardio-facial syndrome) are associated with
ADHD***, Evidence for an increase in such comorbid conditions in females with ADHD, when
compared to affected males, would imply a more severe, even ‘syndromal’, phenotypic
presentation of ADHD in a higher proportion of females. Such more complex phenotypic
presentations are arguably more likely to be linked to deleterious rare mutations. A higher rate

of these comorbidities in females would also be consistent with clinical heterogeneity, which

may be relevant to the differences observed in prevalence.

Female protective effect

Aside from heterogeneity, the differences in prevalence may be a consequence of a ‘female
protective effect’, whereby females are resilient to developing ADHD, and thus require a
higher burden of genetic liability to develop the disorder. Three previous family studies have
observed indirect evidence for this hypothesis, in the form of increased risk of ADHD in first-
degree relatives (twins or parents) of affected females compared to affected males, suggesting
that families with an affected female may have an overall higher burden of genetic risk®*%,
Not all studies report an increase in the recurrence rate of ADHD in relatives of female
probands however®*?3°. Two molecular genetic studies have more directly tested the female
protective effect hypothesis using ADHD GWAS discovery data to calculate the burden of
common risk alleles, as estimated by polygenic risk scores (PRS), in independent samples. In
both studies, female children with ADHD-related phenotypes had higher PRS for ADHD than

affected males*3*

. Although these preliminary studies are consistent with the family studies
mentioned above, they were based on small discovery GWAS. Additional tests utilizing large
GWAS datasets are needed to test whether there is an increased burden of common genetic

risk variants in females with ADHD.
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We present a series of analyses to test the qualitative and quantitative difference hypotheses
for the biased sex prevalence in ADHD. First, genome-wide common variant data from the
autosomes were used to estimate the genetic correlation of ADHD in males and females. We
then used population registry data to examine, whether females with ADHD are at an
increased risk of comorbid developmental conditions compared to affected males. Next,
genome-wide SNP data were used to test whether females diagnosed with ADHD carry a
higher burden of common risk variants than affected males. Finally, we tested whether
relatives of females with ADHD are at an increased risk of ADHD compared to relatives of

diagnosed males.

Results

Sex-specific heterogeneity

Genetic correlation

Figure 1 displays genetic correlation (rg) results for male and female ADHD from bivariate
analyses using both GREML and LDSC (see Table Si for exact estimates). The LDSC rq
estimate in the full dataset (PGC+iPSYCH) was very high, near 1. Similar results were found for
bivariate GREML analyses in both iPSYCH and PGC, as well as for the LDSC analyses in the
iPSYCH dataset. The estimate using LDSC in the PGC dataset was lower, but large standard
errors were seen in the PGC dataset for both methods.

Additional cross-dataset and cross-sex LDSC genetic correlation estimates were used to assess
the extent of heterogeneity across the two different sub-samples (PGC and iPSYCH); see
Figure S1 and Table S2. The genetic correlation between PGC and iPSYCH samples was not
significantly different from 1 (r4(se)=1.13(0.22)). Cross-dataset ry for PGC males with iPSYCH
males and females were also not significantly different from 1. Estimates for PGC females with
iPSYCH were lower (significantly different from zero and from 1), though this is likely to be at
least partly related to the small sample size of the PGC females (N=1,067 cases and N=5,178

controls).
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Genetic correlation estimates for ADHD in males and females obtained from GREML and LDSC for the iPSYCH,
PGC, and combined PGC+iPSYCH datasets. Because of strict restrictions on raw individual genotype access and
transfer, GREML analyses could only be performed separately in the PGC and iPSYCH samples. Bars display
standard errors. The horizontal dashed line indicates a genetic correlation of 1.

SNP-h* estimates are displayed in Figure S2 and Table S1. SNP-h* was estimated at 0.123
(se=0.025) in females and 0.247 (se=0.021) in males. Down-sampling male cases and controls
randomly to match the female sample size showed more similar SNP-h* estimates (See Figure
S2 and Table S3). Results varying the relative population prevalence assumed are shown in
Table Sg4. Figure 2 summarizes these results, illustrating the impact of the assumed
male:female ratio (which affects assumed sex-specific population prevalence rates) and
sample size on SNP-h” estimates; SNP-h* estimates increased in males and decreased in
females as the ratio was increased and down-sampling male cases and controls gave similar

SNP-h? estimates in both sexes.
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Figure 2.

Sex-specific SNP-heritability estimates for PGC+iPSYCH using LDSC, varying the assumed population prevalence
based on different male:female ratios (ranging from 1:1 to 7:1). Estimates are presented for the total available
sample of males as well as for a down-sampled set of male cases and controls to match the available sample size
in females.

GWAS

Sex-specific QQ and Manhattan plots are shown in Figure 3. There were 3 independent
genome-wide significant loci in the male-only GWAS (N=14,154 cases & 17,948 controls). No
SNPs surpassed the threshold for genome-wide significance in the female-only GWAS
(N=4,945 cases & 16,246 controls). The top 10 LD-independent SNPs for each GWAS,

annotated with the nearest gene are displayed in Table Ss.

Several secondary analyses support the high genetic correlation results, suggesting that there
is little or no difference in the ADHD results for males and females. First, no genome-wide
significant heterogeneity is observed when meta-analyzing the male and female GWAS results
(see Figure S3). Second, a GWAS of sex-by-genotype interactions for ADHD identifies no

individual variants with differential effects by sex, nor does it show any deviation from the null
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distribution of test statistics genome-wide (see Figure S4). Similarly, GWAS results for ADHD
in the combined sample with or without including sex as a covariate are nearly perfectly
correlated, with a low standard error (ry=0.97, se=0.007). Narrowing the GWAS focus to only
ADHD cases also finds no genome-wide significant differences between male cases and female
cases (Figure Si). Although some genome-wide inflation is observed for this final analysis in
the iPSYCH sample, it is not replicated in the PGC data and appears to be attributable to
association in only one locus driven by a single low-frequency genotyped SNP (MAF=0.02).
Investigation of this locus shows no support for differences between male and female cases in
neighboring genotyped SNPs, suggesting that the signal at this locus is likely a technical

artefact (see Figure S6).
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Figure 3.

QQ and Manhattan plots for sex-specific genome-wide association meta-analyses. a) Female case-control analysis QQ plot; b) Female case-control analysis
Manhattan plot; c) Male case-control analysis QQ plot; d) Male case-control analysis Manhattan plot. In figures b) and d) the horizontal red line indicates
genome-wide significance (p<5E-8) and the horizontal green line indicates suggestive sub-threshold signals (p<5E-6).
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Epidemiological analyses

To test for heterogeneity in males and females diagnosed with ADHD, we examined the
association between having an ADHD diagnosis and risk of having a comorbid developmental
phenotype using epidemiological data from Sweden. In particular, we were interested in
whether there is an interaction between sex and ADHD as it pertains to these comorbidities.
Table S6 displays the frequency of the disorder categories examined as well as the proportion
of individuals affected, overall and split by ADHD case status and sex. The male:female ratio
for ADHD was 2:1 in the Swedish population. Analyses revealed that male and female ADHD
cases are at a higher risk for all diagnostic categories, as compared with sex-matched
population controls (see Table 1). Significant ADHD-by-sex interactions were observed for ASD
and congenital malformations (CM), suggesting that, although in the context of ADHD both
sexes are at an increased risk of comorbid ASD and CM, compared with controls, the increase
in risk is even higher in females than in males. A nominally significant association was observed
for the interaction term for ID as an outcome, which did not survive correction for multiple
testing (Bonferroni correction for 6 independent tests: p-value threshold=0.0083). Secondary
analyses of severity of ID (where this information was available) indicated that this weak
association signal came from mild ID (IQ=50-70), not moderate (IQ=35-49) or severe/profound
(1Q<35) ID (see Table S7). Interaction terms were non-significant for epilepsy, developmental

coordination disorder, or chromosomal abnormalities.

11
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Table 1: Results of logistic regression analyses of ADHD case status on comorbid developmental conditions, stratified by sex, in the

Swedish population sample (Total N=1,952,542)

% of ADHD | Sex-specific association ADHD by sex interaction
Outcome Sex cases with
OR Ll uc p OR LCI ucl p
outcome
Mal 14.82 18.91 18.33 19.50 <2.2E-308
ASD ales 152 144 161 2.9E-50
Females 12.04 28.68 27.38 30.04 <2.2E-308
Males 1.86 1790 16.38 19.57 <2.2E-308
DCD 0.97 0.82 1.14 0.71
Females 1.08 17.61 15.25 20.33 <2.2E-308
Males 5.30 9.82 9.38 10.28 <2.2E-308
ID 1.11 1.03 1.20 0.0090
Females 4.89 10.89 10.23 11.60 <2.2E-308
Males 2.57 3.27 3.09 3.47 <2.2E-308
Epil 1.08 0.99 1.19 0.099
priepsy Females  2.85 355 329 382  6.6E-238
Congenital Males 8.20 1.40 136 1.45 1.8E-109
1.11 1. 1.17 2.5E-04
malformations | Females 6.46 1.54 1.47 1.62 8.9E-72 05 >E-0
Males 0.60 2.96 2.63 3.34 2.7E-70
Chromoso.rtlal 0.84 0.68 1.03 0.096
abnormalities | Females 0.52 2.48 2.07 2.96 9.5E-24

Abbreviations: ADHD: attention-deficit/hyperactivity disorder; ASD: autism spectrum disorder; DCD: developmental coordination disorder; ID: intellectual
disability. Sex is coded as o for male and 1 for female. Birth year is included as a covariate. Estimated p-values below a Bonferroni-adjusted threshold for
multiple testing (p<0.0083) are bolded.
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Testing the female protective effect hypothesis

Polygenic risk score analysis

Results of meta-analyses of each leave-one-study out logistic regression analysis for ADHD
PRS are shown in Figure 4. There was no association of ADHD PRS with sex in cases (OR=1.02
[95% Cl: 0.98-1.06], p=0.28, mean R* [SE]=0.0019 [0.00039]). Sensitivity tests were run
excluding the data from 23andMe and all non-European ancestry individuals from the
discovery sample and then additionally not including sex as a covariate in the discovery GWAS
analyses; results remained similar (Figure S7). There was also no association of ADHD PRS with
sex in controls (OR=0.99 [95% Cl: 0.96-1.01], p=0.23, mean R* [SE]=0.0011 [0.00024]; Figure

S8).

There was a clear association of ADHD PRS with ADHD case status in both sex-specific
analyses. Similar differences in PRS between cases and controls were observed for females
(OR=1.57 [95% Cl: 1.50-1.64], p=4.1xE-91, mean R* [SE]=0.039 [0.0034]) and males (OR=1.50
[95% Cl: 1.46-1.53], p=7.3xE-216, mean R* [SE]=0.032 [0.0024]). Several of the PGC studies did
not show a significant association with case-control status in just females, but given that these
samples had relatively few females (with the lowest N of 27 female case/pseudo-control pairs
in the Canadian sample; see Online Methods) this is likely to be due to very low power in these

studies.
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Figure 4.

Forest plots of meta-analysis results for logistic regression analyses of ADHD polygenic risk score with: a) case sex as the outcome; b) case-control status in

females; c) case

-control status in males.
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Epidemiological analysis

To test for evidence of increased risk for ADHD in siblings of females with ADHD, we used
Swedish population data to select sibling pairs where at least one child had ADHD. We
stratified the comparison siblings by sex and tested whether the siblings of female probands
were at increased risk of ADHD as compared to siblings of male probands. The results showed
that having a female sibling diagnosed with ADHD is associated with an increased risk for an
ADHD diagnosis in males (OR=1.18, [95% Cl: 1.13-1.23], p=1.8E-13) and females (OR=1.09,
[95% Cl: 1.01-1.16], p=0.017). Co-varying for presence of ASD, congenital malformations, and
ID in the proband did not affect the results (ORwale=1.18, [95% Cl: 1.13-1.23], p=1.4E-13;
ORremaLE=1.09, [95% Cl: 1.02-1.16], p=0.014).

Discussion

We tested two specific hypotheses for the male bias in ADHD: first, that sex-specific genetic
heterogeneity may be linked with clinical heterogeneity, affecting prevalence rates, and
second, that females affected with ADHD may be carriers of an increased burden of genetic
risk variants, as compared with affected males. We analyzed common variant autosomal data
from the largest available ADHD case-control GWAS sample (N=55,374 individuals) and
Swedish population cohort data from nearly 2 million individuals. Using genome-wide analyses
of autosomal common variants, we demonstrated a high level of genetic correlation for ADHD
in males and females and found no clear increase of polygenic burden in affected females
compared to affected males. However, we did observe, in a different sample, that siblings of
females with ADHD are at an increased risk of having ADHD, compared to siblings of affected
males. The results from the epidemiological sample also suggested that females diagnosed
with ADHD may be at an especially high risk of certain comorbid developmental conditions

compared to affected males.

The observed high SNP-based genetic correlation in the tests of sex-specific heterogeneity
suggest that, to a large extent, the same common autosomal genetic risk variants are involved
in ADHD for both sexes. The results are consistent across 2 methods, although the analysis of

PGC-only data using LDSC is somewhat lower, possibly because LDSC is less well optimized for
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analyses of smaller samples. Our conclusion is strengthened by the observations that including
sex as a covariate had a minimal effect on the overall GWAS results for ADHD and that no loci
showed significant heterogeneity across the sexes or a sex-by-genotype interaction. While sex-
specific genetic heterogeneity from common autosomal variants seems unlikely based on our
results, this study cannot rule out the possibility that heterogeneous effects could exist for rare
or non-autosomal variation or that with increased sample sizes, weaker effects of common

variant genetic heterogeneity could be detected.

Indeed, the epidemiological analyses of Swedish population data do suggest that some degree
of clinical and/or etiological heterogeneity does exist. ADHD was associated with comorbid
diagnoses of ASD, DCD, ID, epilepsy, congenital malformations, and chromosomal
abnormalities in both males and females. ADHD-by-sex interaction analyses revealed that the
strength of association was greater in females for ASD, congenital malformations, and (to a
lesser extent) also for mild ID. There may be several possible explanations for these findings.
First, females with ADHD may have a higher than expected risk of comorbid severe conditions
and as such, may have a higher level of clinical heterogeneity, as compared to males with
ADHD. Alternatively, ascertainment and diagnostic biases, where females are more likely to be

diagnosed with ADHD if they have a more severe phenotypic presentation, could be involved.

In the first case, these results could indirectly point to a greater role of rare, deleterious genetic
variants in females with ADHD, as such rare variants are strongly implicated in some of the

comorbid conditions assessed** *?

. Furthermore, there is evidence for such an imbalance in
other neurodevelopmental disorders, as females with ASD and developmental delay show a
consistently increased burden of disruptive CNVs and rare, deleterious single nucleotide

12-16

mutations compared with affected males™ ™. However, this line of thinking needs to be tested
directly, as common genetic variants also play an important role in complex disorders, such as
ASD**3, and too little is currently known about the contribution of rare genetic variants to

ADHD, stratified by sex.

Although an increased burden of rare variants in ADHD females is possible, our results are
inconclusive. When examining rare genetic syndromes linked to chromosomal abnormalities
(including autosomal variants and sex chromosome aneuploidies), we see no evidence of an

16


https://doi.org/10.1101/154088
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/154088; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

ADHD-by-sex interaction. It is also unclear why the results show a stronger association in
females between ADHD and mild ID but not for more severe degrees of ID. If females
diagnosed with ADHD are indeed enriched for rare deleterious mutations, one interesting
secondary question is what the clinical presentation of males with rare deleterious variants is;
do they present with a more complex phenotype, without a diagnosis of ADHD, or are such
individuals less likely to survive past early childhood? Whilst there is some evidence that there
are overall sex differences in the population, with females generally more likely to harbor large,

rare CNVs3, it is too early to draw definitive conclusions.

Furthermore, a limitation of the epidemiological analyses is the possibility of ascertainment
and diagnostic biases. Individuals who receive one diagnosis become the focus of clinical
attention and are more likely to receive subsequent diagnoses, whereas individuals with less
complex phenotypes might not come to clinical attention. If females are routinely under-
diagnosed with ADHD or other neurodevelopmental disorders, this issue may
disproportionately affect ascertainment of female cases, leading to the observed pattern of
results. Other possible sources of bias include typical exclusion criteria for diagnosing ADHD
(e.g. ID or ASD) and the possibility of an inflated false positive rate of diagnoses due to
diagnostic uncertainty and change over time. We endeavored to limit the impact of the latter
issue by only considering diagnoses in individuals who had at least 2 reported diagnoses for
any of the studied conditions. Although the pattern of results is consistent with the possibility
of increased clinical and etiological heterogeneity in females with ADHD, genetic studies of

rare variation are required to rule out these alternative explanations for our findings.

17


https://doi.org/10.1101/154088
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/154088; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Epidemiological analyses also showed that siblings of females diagnosed with ADHD were at
higher risk of being diagnosed with ADHD than siblings of diagnosed males. This confirms

2628 sypporting the hypothesis that females require a

results from previous family studies
greater burden of genetic risk to manifest ADHD. However, the effect sizes were not large
(OR=1.09 — 1.18), suggesting that an increased burden of inherited genetic variation may only
be a small contribution to the sex bias in ADHD prevalence. These results could also occur if
clinicians had a higher threshold for diagnosing ADHD in females or were more likely to
diagnose it in females if accompanied by a comorbid disorder, although we did not see an

attenuation of our results when comorbid conditions in the proband were accounted for in

analyses.

Contrary to previous smaller studies®**, we did not find an association between ADHD PRS and
case sex; no enrichment of polygenic burden from common variants was observed in females
with ADHD. Analyses in ASD are consistent with the current study by not finding an increased
burden from common variants in affected females>3®, in contrast to rare variant studies (see

above and**™).

One possible explanation for the observed results is that a higher degree of genetic
heterogeneity within females may have masked any differences in PRS burden by sex in the
current study. It has been suggested that common and rare variants contribute additively to
risk of ADHD, with cases who are non-CNV carriers having lower ADHD PRS than cases who
have large, rare CNVs¥. Thus, if females diagnosed with ADHD are more likely to have a more
complex syndromic phenotype (as suggested by the Swedish population analyses) and given

12—22

that such phenotypes are more likely to be associated with rare variants™™**, this subgroup of
females could have on average lower PRS than males with ADHD. On the other hand, affected
females with a less severe phenotypic presentation, who are not carriers of such rare variants,
could have higher PRS than affected males. If this were the case, any overall difference in PRS
between the sexes could be obscured. Rare variant data are needed together with common

variant data to address this possibility.

Although the focus of this manuscript was on possible genetic sources of influence on the sex
bias in ADHD, other factors, such as ascertainment and diagnostic biases, may play an
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important role. There is some indication that females are more likely to be diagnosed with the
predominantly inattentive subtype of ADHD and present with inattentive symptoms, whereas
males are more likely to be diagnosed with the combined subtype of ADHD and present with
hyperactive-impulsive symptoms and comorbid disruptive behavioral problems3®™*. Relative
prevalence rates also vary by diagnostic instrument used and case ascertainment. For example,
the ratio of male to female cases in the Swedish population was 2:1, somewhat lower than in
the iPSYCH Danish population (2.8:1) and PGC clinical (3.5:1) samples. ADHD cases with
diagnosed moderate-severe ID (IQ<50) were excluded from iPSYCH. ADHD cases in the PGC
studies were primarily ascertained from clinics, ADHD was confirmed with structured
interviews and children with comorbid ASD, epilepsy, ID (IQ<70) and other conditions were
excluded. As such, the false positive rate for an ADHD diagnosis is likely to be higher in the
iPSYCH and Swedish registry-based datasets than in the PGC, while the latter is likely under-
represented for individuals with ADHD neurodevelopmental co-morbidities. Another major
difference is that many of the PGC studies utilized DSM criteria and thus included children with
inattentive and hyperactive-impulsive subtypes of ADHD, whereas the Swedish, iPSYCH (and
some of the European PGC studies) used the stricter ICD definition. Despite these differences,
we find very high genetic correlation between PGC and iPSYCH, suggesting that overall these
diagnostic differences do not have a perceptible impact on the involvement of common risk
variants. We saw a similar pattern of results for PGC-only and iPSYCH-only in the sex-specific
analyses, with the caveat that the PGC study was somewhat smaller and thus confidence

intervals were larger.

Another possible contribution to sex bias that was beyond the scope of the current study is the
role of sex hormones and sex chromosomes. There is broad evidence for a specific role of sex
hormones (e.g. estrogen) and sex chromosomes (e.g. X chromosome aneuploidy) on early

brain development and neurodevelopmental disorders such as ADHD?>4*%3

, suggesting that
future efforts to comprehensively examine the role of the sex chromosomes and their

downstream products in the male bias in ADHD may be worthwhile.

The results of this study demonstrate a clear polygenic contribution from common autosomal

genetic variants to ADHD in both sexes, as evidenced by the moderate SNP-h* estimates using
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two methods, the clear deviation of test statistics on sex-specific GWAS QQ-plots, and the
significantly higher overall PRS in cases of either sex when compared with sex-matched
controls. Top hits from sex-specific GWAS analyses corroborate the results from a combined

analysis of both sexes’.

The results of the high genetic correlation between male and female cases with ADHD support
combining GWAS data from both sexes in meta-analyses of ADHD and further suggest that
current clinical practices of diagnosing ADHD are capturing a clinical phenotype that is similar
at the level of common genetic risk variants in both sexes. The results of epidemiological
analyses do suggest some degree of clinical heterogeneity, with ADHD showing a stronger
association with comorbid ASD, congenital malformations, and possibly also mild ID in
females. Although we find evidence for an overall increased burden of inherited genetic risk
variants for ADHD in females based on sibling analysis, there is no difference in polygenic
burden in males and females, as measured by PRS. Further work simultaneously examining the
role of variants across the spectrum of frequencies is needed to comprehensively examine the

role of genetic risk in the sex bias in ADHD prevalence.
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Online Methods
Description of Genetic data

Genotype data for ADHD cases and control individuals were available from the Psychiatric
Genomics Consortium (PGC) and the Lundbeck Foundation Initiative for Integrative Psychiatric
Research (iPSYCH). See GWAS publication for full details’. The PGC ADHD samples came from
a range of studies that were predominantly of European ancestry. They consisted of clinically-
ascertained cases of ADHD matched with either controls from the same ancestry group or with
pseudo-controls created from the non-transmitted alleles of both parents (trio samples). The
individual studies have been previously described in more detail in individual publications®44™7.
The iPSYCH sample is based on genotyping of Guthrie cards obtained from the Danish
Neonatal Screening Biobank. Blood-spot samples were collected and frozen shortly after birth
for individuals born in Denmark and stored in the Danish Newborn Screening Biobank and
Statens Serum Institute. The individuals included in the iPSYCH sample were born between
May 1, 1981 and December 31, 2005, and had to be alive and resident in Denmark after one
year and have a known mother. Cases with ADHD diagnoses (ICD-10 code Fgo.0) were
identified using the Danish Psychiatric Central Research Register. This register includes data
on everyone admitted to a psychiatric hospital for assessment or treatment (between 1969
and 2013), as well as everyone who attended psychiatric outpatient services (between 1995
and 2013). Control individuals were randomly selected from the population. The DNA from
these samples was extracted, whole-genome amplified in triplicates and genotyped in 23
batches (referred to from here on as waves) using the Illumina PsychChip (a customized
HumanCoreExome chip). The first wave consists of the youngest samples (born in 2004) and
wave 23 consists of the oldest samples (born in 1981). The study was approved by the Danish

Data Protection Agency and the Scientific Ethics Committee in Denmark.

Summary statistics from a GWAS of self-reported ADHD including sex as a covariate were also
available from the personal genetics company 23andMe, Inc. Research participants of
23andMe provided informed consent and participated in research online, under a protocol
approved by the external AAHRPP-accredited IRB, Ethical & Independent Review Services (E&I
Review). The GWAS was based on data from 5,857 self-assessed ADHD cases and 70,393
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controls and had a genetic correlation of 0.653 (0.114) with the PGC+iPSYCH samples’. Results
from this GWAS were only used for the polygenic risk score analyses as no raw genotypes or

sex-specific summary data were available.

Quality control and data preparation

PGC and iPSYCH samples were processed using the Rapid Imputation Consortium Pipeline
(Ricopili), which is a quality control (QC), imputation, and principal components analysis (PCA)
pipeline developed and used by the PGC and collaborators. See GWAS publication for full
details’. QC, imputation and PCA were performed separately using the PGC pipeline (Ricopili)
for each PGC study and the 23 waves of iPSYCH samples, with the exception that PCA was
performed in the entire iPSYCH sample simultaneously. The 1000 Genomes Project, phase 3,
data were used as the imputation reference. Cross-study (PGC) and cross-wave (iPSYCH)
relatedness analyses were performed in PLINK-v.1.9 on merged, LD-pruned datasets. One of
each pair of individuals related at # > 0.2 was excluded (preferentially keeping cases over

controls).

See Table S8 for sex-stratified sample sizes for each PGC study and iPSYCH wave. The total
sample size after all quality control was N=20,183 cases (25% females) and N=35,191 pseudo-
controls/population controls (38% females). Analyses that were restricted to European-only
samples consisted of 19,099 cases (26% females) and 34,194 controls (38% females). ADHD
GWAS summary statistics were also available from research participants of the personal

genetics company 23andMe, Inc. (N=5,857 self-reported ADHD cases, 70,393 controls).
Sex-specific GWAS analyses

Sex-specific case-control genome-wide logistic regression analyses of imputed autosomal
dosage data were performed in each PGC study and iPSYCH wave separately, using the “--
dosage” option in PLINK-version-1.9, co-varying for principal components (PCs) and/or site
indicator variables, as appropriate. iPSYCH samples included the first 4 PCs and any PCs
significantly associated with case status, obtained from the joint PCA in the entire iPSYCH
sample. For PGC studies with <1000 samples, the top 5 PCs were used and for studies with

21000 samples, the first 10 PCs were used as covariates. For the IMAGE-1 study, indicator
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variables coding for site ID were included as covariates instead of PCs, as this study used a trio
design but consisted of samples contributed by several different data collection sites. Trio
studies were split by case sex, keeping each pseudo-control together with its corresponding

case.

Results were filtered for each study/wave and SNPs meeting the following criteria were
retained for the sex-specific analyses: imputation quality (INFO score) > 0.8, call rate in best
guess genotype data > 0.925, minor allele frequency (MAF) > 0.01, and expected MAF in cases
(2 x MAF in controls x no. of cases) > 1. Sex-specific GWAS meta-analyses of filtered results
were performed in METAL using the standard error analysis scheme (STDERR). Meta-analysis
results were additionally filtered to retain only SNPs that were available for analysis in at least
half of the total sample size and present in both the male-only and female-only analyses. This
yielded results for N=7,531,543 common variants in the meta-analyses (hereafter:

PGC+iPSYCH).
Estimating SNP-heritability and genetic correlation

Bivariate LD score regression (using LDSC5%59) analyses were run on the sex-specific meta-
analyzed summary statistics. The primary analyses (with the most power) are those for the full
PGC+iPSYCH sample but we also examined estimates in the PGC and iPSYCH samples
separately using LDSC and a second method, GREML (using GCTA®*®*), to examine the
stability of the findings. Sex-specific heritability was also estimated using univariate models.

Analyses were restricted to European-only samples.

LD scores from a European reference panel provided with the LDSC software were used for
analysis. LDSC analyses were based on the following numbers of SNPs, after restriction to
HapMap SNPs: PGC-only: 1,208,369 SNPs; iPSYCH-only: 1,021,086 SNPs; PGC+iPSYCH
1,023,856 SNPs. The intercept was not constrained in LDSC, to provide unbiased estimation.
For sensitivity, genetic correlation analyses were also run in LDSC to assess cross-dataset (PGC

vs. iPSYCH) within- and across-sex genetic correlations.

Because of strict restrictions on access to individual genotypes, bivariate GREML analyses were

only performed separately in the PGC and iPSYCH samples. For each of these datasets, best
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guess genotype data were generated using Ricopili and strictly filtered (MAF>o0.05, in addition
to previous frequency, imputation quality and other filters). Genotypes were merged together
across studies using PLINK. Asymmetricl/ambiguous (AT, TA, CG, GC), multi-allelic and
duplicate position SNPs were excluded. For each dataset, a genomic-relationship matrix was
calculated using GCTA, restricted to HapMap-3 SNPs. Analyses were based on the following
numbers of SNPs: PGC-only: 191,466 SNPs; iPSYCH-only: 435,086 SNPs. One of each pair of
individuals related at the level of second cousins (pi-hat>0.05) was excluded, preferentially
keeping cases; this excluded: N=16 cases and N=g1 controls in the PGC dataset and N=1,439
cases and N=3,170 controls in the iPSYCH dataset. PCA (after LD-pruning and removing SNPs
located in long-range LD regions) was performed on the merged, unrelated samples using
PLINK, to derive population covariates. The first 10 PCs as well as binary study/wave indicators
were used as covariates for subsequent analyses. Bivariate GREML was used to estimate the
genetic correlation across-sex. Univariate GREML analyses in GCTA were used to estimate

SNP-h?in males and females with ADHD relative to sex-matched controls.

The expected range of the genetic correlation (rg) estimates should be from -1 to 1. However,
the estimator was left unconstrained for these analyses in GREML and LDSC to allow for an
unbiased assessment of the standard errors of the estimates; as such, some of the estimates
exceed this range. Specific tests were used to determine whether the SNP-h? (on the liability
scale) estimates differed significantly for males and females using the formula: (SNP-h*¢ - SNP-
h*w)?/(SEF* + SEw®) with a Chi® test with 1 degree of freedom. One-tailed tests were also used
to determine whether the estimates of genetic correlation differed significantly from one

(z=(1-rg)/SE) or from zero (z=r4)/SE), compared to a normal distribution.

Based on an estimated population prevalence rate of approximately 5%* for ADHD and an
observed male:female ratio of approximately 3:1 in the cases, the following prevalence rates
were assumed for converting the estimates of SNP-heritability to the liability scale: 2.5% in
females and 7.5% in males. Analyses were also re-run assuming different relative population
prevalence for males and females, depending on the assumed ratio of the relative prevalence
(ranging from equal prevalence assumed to a 7:1 male bias). This was done to examine the

sensitivity of this assumption on the estimation of liability scale SNP-h® These analyses were
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also repeated while randomly down-sampling the number of male cases and controls to match

the available sample size for females within each study/wave.
Secondary GWAS analyses

A number of secondary GWAS analyses were run to further examine the impact of sex on
genome-wide association analyses of ADHD. First, heterogeneity statistics from a meta-
analysis of the male-only and female-only summary statistics were examined for all SNPs.
Second, combined GWAS analyses including a sex-by-genotype interaction term were carried
out. Third, the genetic correlation was estimated using LDSC for GWAS analyses of the
combined sample including and excluding sex as a covariate. Finally, GWAS analyses of case

sex (male cases coded as 0 and female cases coded as 1) were carried out.

Polygenic risk score analyses

A leave-one-study/wave-out approach was used to maximize power and maintain fully
independent target and discovery samples for polygenic risk score (PRS) analyses, using the
standard approach®®, First, GWAS analyses of imputed dosage data were run for all samples
in each PGC study and iPSYCH wave separately, as described previously, co-varying for PCs as
well as sex. Meta-analyses using METAL (with the STDERR scheme) were run excluding one
set of summary results at a time, for each combination of studies. To maximize power for the
discovery samples, GWAS results from 23andMe and non-European samples were also
included in the ADHD discovery meta-analyses. For each set of discovery results, LD-clumping
was run to obtain a relatively independent set of SNPs, while retaining the most significant
SNP in each LD block. The following parameters were applied in PLINK: --clump-kb 500 --
clump-r2 0.3 --clump-p1 0.5 --clump-p2 0.5. Asymmetric/ambiguous (AT, TA, CG, GC) SNPs,
indels, multi-allelic and duplicate position SNPs were excluded. The SNP selection p-value
threshold used was p<o.1. The number of clumped SNPs for each study/wave varied from

20596-43427 (see Table Sg).

PRS were calculated for each individual in the independent target sample (restricted to
European samples) by scoring the number of risk alleles (weighted by the SNP log of the odds

ratio) across the set of clumped, meta-analyzed SNPs in PLINK.v.1.9 (using the command --
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score no-mean-imputation). Scores were derived in best guess genotype data after filtering
out SNPs with MAF<o.05 and INFO<o0.8. The PRS were standardized using z-score
transformations; odds ratios can be interpreted as the increase in risk of the outcome, per
standard deviation in PRS. Logistic regression analyses including PCs tested for association of
PRS with sex in the cases (males were coded as o and females were coded as 1) and case
status, stratified by sex. Finally, overall meta-analyses of the leave-one-out analyses were
performed. The analyses were re-run using European-only samples and then also by excluding
sex as a covariate in the discovery GWAS analyses, as sensitivity tests. All regression and meta-

analyses were run in R-3.2.2.
Epidemiological analyses

Analyses of Swedish registry data were based on all individuals born in Sweden between 1987
and 2006, as identified using the Medical Birth Register. Data linkage of several nation-wide
Swedish registers was performed using the unique personal identification number®.
Information from the Total Population Register®s, Cause of Death Register and the Multi-
Generation Register®® were used to identify those individuals of known maternity and
paternity who lived in Sweden at least until age 12 years (or until the time of this study, if they
were younger than 12 years old). Information on ADHD diagnoses was obtained from the
National Patient Register67 for ICD-9 (2987-1996) and ICD-10 (1997-2013) and from the
Prescribed Drug Register®® (June 2005-2014). ADHD cases were defined as those individuals
who had at least 2 recorded diagnoses of ADHD or 2 recorded prescriptions of ADHD
medication  (Methylphenidate, Amphetamine, Dexamphetamine, = Atomoxetine or
Lisdexamfetamine) after the age of 3 years. Analyses were based on N=77,905 ADHD cases and
N=1,874,637 control individuals. The data linkage of the Swedish registry data was approved by
the regional ethics review board in Stockholm, Sweden. The requirement for informed consent
was waived, because the study was register-based, and individuals were not personally

identifiable at any time.

All epidemiological analyses were performed in R (with the ‘drgee’ package). Children were

clustered together if they shared the same biological mother, in order to obtain standard errors
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that accounted for non-independent observations. Birth year was included as a covariate in all

analyses.

We assessed whether females affected with ADHD are at a higher risk than males for comorbid
severe developmental disorders and rare genetic syndromes. International Classification of
Diseases (ICD) codes for the following categories of disorders were examined: intellectual
disability (ID), autism spectrum disorder (ASD), developmental coordination disorder (DCD),
epilepsy, congenital malformations (CM) and chromosomal abnormalities (CA); see Table Sio
for specific ICD codes. Diagnoses of ASD and DCD were only considered after age 1 year and ID
diagnoses after age 2 years. No age restrictions were made for epilepsy, CM or CA. For each
comorbid condition, individuals were considered as affected (coded as 1) if they had at least 2
recorded diagnoses in that category and unaffected (coded as o) if they did not meet these
criteria. Generalized estimating equations were used to test for the effect of an ADHD-by-sex
interaction term on each outcome. First, the effect of presence of ADHD on each outcome
within individuals was estimated separately for males and females (analytic model:
gee(outcome ~ ADHD + birth_year)). Next, we tested for an ADHD-by-sex interaction term on
each outcome, using the following analytic model: gee(outcome ~ ADHD + sex + ADHD*sex +
birth_year). For individuals with available information on severity of ID, secondary analyses

were run for 3 severity categories: mild, moderate and severe/profound.

To test the female protective effect hypothesis, we estimated whether risk of ADHD in siblings
of females with ADHD was higher than for siblings of affected males, stratified by the sex of
the comparison sibling. Analyses were restricted to pairs of full siblings, based on sharing both
biological parents). Twins (i.e. children born with 2-weeks of each other) were excluded as
zygosity could not be confirmed. Analyses were restricted to sibling pairs with at least 1 child
who had a diagnosis of ADHD, as defined above (N=71,691 observations (of which, N=23,452
came from female probands), consisting of N=21,784 unique index individuals, of which
N=7,186 came from unique female probands). The effect of the proband being female on the
comparison sibling’s risk for ADHD was estimated using the following model, stratified by the

sex of the comparison sibling: gee(ADHD_sib2 ~ sex_sib1 + birth_year_sib2).
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