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Neurodevelopmental problems (NPs) are more common in males, whereas anxiety and depres-

sion are more common in females. Rare copy number variants (CNVs) have been implicated in

neurodevelopmental disorders. The aim of this study was to characterize the relationship

between rare CNVs with NPs, anxiety, and depression in a childhood population sample, as well

as to examine sex-specific effects. We analyzed a sample of N = 12,982 children, of whom 5.3%

had narrowly defined NPs (clinically diagnosed), 20.9% had broadly defined NPs (based on vali-

dated screening measures, but no diagnosis), and 3.0% had clinically diagnosed anxiety or

depression. Rare (<1% frequency) CNVs were categorized by size (100–500 kb or > 500 kb),

type, and putative relevance to NPs. We tested for association of CNV categories with out-

comes and examined sex-specific effects. Medium deletions (OR[CI] = 1.18[1.05–1.33],

p = .0053) and large duplications (OR[CI] = 1.45[1.19–1.75], p = .00017) were associated with

broadly defined NPs. Large deletions (OR[CI] = 1.85[1.14–3.01], p = .013) were associated with

narrowly defined NPs. There were no significant sex differences in CNV burden in individuals

with NPs. Although CNVs were not associated with anxiety/depression in the whole sample, in

individuals diagnosed with these disorders, females were more likely to have large CNVs (OR

[CI] = 3.75[1.45–9.68], p = .0064). Rare CNVs are associated with both narrowly and broadly

defined NPs in a general population sample of children. Our results also suggest that large, rare

CNVs may show sex-specific phenotypic effects.
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1 | INTRODUCTION

Neurodevelopmental problems (NPs) are psychiatric phenotypes that

are characterized by childhood onset, high levels of comorbidity with

other NPs, and other psychiatric conditions, and being more com-

monly diagnosed in males than females (Thapar, Cooper, & Rutter,

2017). Common diagnoses of NPs include attention-deficit/hyperac-

tivity disorder (ADHD), autism spectrum disorder (ASD), developmen-

tal coordination disorder (DCD), tic disorders, and intellectual

disability (ID) (also referred to as learning difficulties). NPs are highly

heritable, with a complex genetic architecture according to emerging

genetic studies (de la Torre-Ubieta, Won, Stein, & Geschwind, 2016;

Faraone et al., 2015; O'Rourke, Scharf, Yu, & Pauls, 2009). Rare

genetic variants, such as copy number variants (CNVs) and protein-

truncating variants have been implicated in clinically diagnosed

ASD, ID, ADHD, DCD, and Tourette's syndrome (De Rubeis et al.,

2014; Ganna et al., 2018; Girirajan et al., 2011; Huang et al., 2017;

Mosca et al., 2016; Sanders et al., 2015; Williams et al., 2012). The

contribution of rare variants to risk of anxiety and depression diag-

noses in children has not been well characterized, with one recent

population study finding no evidence of association (Guyatt

et al., 2018).

Although genetic studies of NPs have tended to focus on categor-

ically defined clinical disorders, evidence is emerging to suggest that
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these disorders reflect a quantitative extreme of continuously distrib-

uted traits in the general population. Twin studies suggest that ADHD,

ASD, and mild ID share genetic risks with related traits in the popula-

tion (Martin, Taylor, & Lichtenstein, 2017). Genome-wide studies fur-

ther demonstrate that common variants are shared to a degree

between disorders and traits related to ADHD, ASD, and Tourette's

syndrome (Darrow et al., 2017; Demontis et al., 2017; Robinson

et al., 2016).

Evidence for shared rare variants across psychiatric disorders

and related population traits or subthreshold psychiatric problems is

also emerging. In a study of autism simplex families, adaptive and

social-communication difficulties in ASD probands and their unaf-

fected siblings were associated with very rare de novo protein-

truncating variants, with no qualitative distinction between pro-

bands and siblings in this association (Robinson et al., 2016). A few

studies have examined the manifestation of CNVs in adults in the

general population, focusing on “neuropsychiatric” CNVs (i.e., loci

robustly implicated in psychiatric disorders). These neuropsychiatric

CNVs were associated with depression, lower scores on the General

Assessment of Function scale, a history of reading and mathematical

learning difficulties, lower cognitive abilities, and educational attain-

ment in adults in the general population (Kendall et al., 2016;

Männik et al., 2015; Stefansson et al., 2014). It appears that the

same rare CNV loci are not only associated with multiple clinically

diagnosed neuropsychiatric disorders (e.g., ASD, ID, schizophrenia,

and ADHD [Girirajan et al., 2012; Marshall et al., 2016; Williams

et al., 2012]) but also with neuropsychiatric and cognitive outcomes

in adults in the general population (Kendall et al., 2016; Männik

et al., 2015; Stefansson et al., 2014). The impact of CNVs on more

broadly defined NPs in nonclinical childhood population samples

has not been thoroughly examined. One recent population study of

British children found associations between CNVs and cognitive

measures (e.g., IQ) and ASD diagnoses but not anxiety or depression

diagnoses or quantitative psychiatric traits of ADHD, ASD, or psy-

chotic experiences (Guyatt et al., 2018). Further studies are needed

to more fully characterize the impact of CNVs on childhood psychi-

atric problems.

One prominent characteristic of NPs is that they are more com-

monly diagnosed in males than females (Thapar et al., 2017). Popula-

tion studies of childhood NPs also suggest that males score higher on

measures of NPs than females (Larsson, Anckarsater, Råstam, Chang, &

Lichtenstein, 2011; Lingam et al., 2010; Robinson, Lichtenstein,

Anckarsäter, Happé, & Ronald, 2013). Although the reasons for this

are still unclear, a few possible explanations have been proposed.

First, it has been suggested that females are protected (e.g., by hor-

monal differences) from manifesting NPs and require a higher burden

of risk to develop NPs. Evidence from several family studies seems to

support this hypothesis (Beitchman, Hood, & Inglis, 1992; Martin,

Walters, et al., 2018; Rhee & Waldman, 2004; Robinson et al., 2013;

Smalley et al., 2000; Szatmari et al., 2012; Taylor et al., 2016), albeit

other studies are inconsistent (Chen et al., 2017; Conti-Ramsden,

Falcaro, Simkin, & Pickles, 2007; Faraone, 2000; Goin-Kochel, Abbac-

chi, & Constantino, 2007). Evidence from common variant analyses is

also mixed, with the largest studies not finding differences in poly-

genic burden between males and females with ADHD and ASD

(Hamshere et al., 2013; Martin, Hamshere, Stergiakouli, O'Donovan, &

Thapar, 2014; Martin, Walters, et al., 2018; Mitra et al., 2016; Weiner

et al., 2017). Conversely, females diagnosed with ASD or developmen-

tal delay appear to have an increased burden of rare disruptive CNVs

and deleterious single-nucleotide mutations compared with affected

males (Gilman et al., 2011; Iossifov et al., 2012; Jacquemont et al.,

2014; Levy et al., 2011; Neale et al., 2012; Pinto et al., 2014), though

others have not found this effect for ultra-rare protein-truncating vari-

ants (Ganna et al., 2018). It is unknown whether rare CNVs are

enriched in females compared to males in individuals affected with a

broader range of NPs (e.g., ADHD and tic problems) in the general

population.

Another possibility is that referral and diagnostic biases or sex-

specific manifestation of risk result in fewer females being diagnosed

with NPs (Loomes, Hull, & Mandy, 2017; Quinn & Madhoo, 2014). It

has been suggested that childhood psychiatric problems in females

either manifest differently than in males or are interpreted differently

by parents and teachers, for example, as anxiety or depression, instead

of ADHD or ASD (Hull & Mandy, 2017; Quinn & Madhoo, 2014). If

either of these are the case, one might expect that genetic risk factors

relevant to NPs, such as rare CNVs, would be more strongly associ-

ated with such other psychiatric problems in females. This possibility

has yet to be examined.

In this study, we first set out to test whether rare CNVs are

associated with NPs (i.e., ADHD, ASD, motor problems, learning

difficulties, and tic problems) and anxiety/depression in a popula-

tion sample of children. Linkage with Swedish National Patient Reg-

isters and available study-specific questionnaires allowed us to use

both narrow (i.e., clinical diagnosis) and broad (i.e., screening mea-

sure) definitions of NPs, to distinguish between clinically recog-

nized problems and subthreshold population phenotypic variation.

Second, we tested whether there are any sex differences in CNV

burden in the context of NPs or anxiety/depression in the

population.

2 | METHOD

2.1 | Sample description

The Child and Adolescent Twin Study in Sweden (CATSS) is a popula-

tion study of twin children born in Sweden since July 1992

(Anckarsäter et al., 2012). The study started in 2004 and since then

has been the method of inviting twins into the Swedish Twin Registry

(Magnusson et al., 2013). The CATSS cohort is being recruited when

twins turn 9-years old, but initially, 12-year-old twins were also

recruited. Parents gave informed consent for study participation on

behalf of their children. The study was approved by the Regional Ethi-

cal Review Board in Stockholm and Karolinska Institutet Ethical

Review Board.

2.2 | Phenotypic measures

Information on five specific NPs (ADHD, ASD, motor problems, learn-

ing difficulties, and tic problems) was obtained from two sources: life-
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time registry-based clinical diagnoses and screening via parental

report at age 9 or 12 years old. Diagnoses for these NPs, as well as

life-time anxiety and depression, were obtained through linkage with

the National Patient Register (NPR) in Sweden, using each individual's

personal identification number. This NPR linkage contains information

on all inpatient psychiatric care from 1987 to 2014 and outpatient

consultations with specialists from 2001 to 2014. It includes best-

estimate specialist diagnoses according to International Classification

of Diseases version 10 (ICD-10) codes (WHO, 1993). Individuals were

dichotomized based on presence or absence of each of the diagnoses.

See Table 1 for a list of ICD codes and numbers of affected

individuals.

Study individuals were also screened for NPs using the Autism-

Tics, ADHD, and Other Comorbidities inventory (A-TAC) (Hansson

et al., 2005) administered to parents over the telephone when chil-

dren were aged 9 or 12 years. This measure has been reported to

have good to excellent sensitivity and specificity for predicting clinical

diagnoses, using validated clinical cut-offs (Larson et al., 2013). These

validated cut-offs were used to dichotomize children for each of the

five NPs. Because ADHD, ASD, motor problems, learning difficulties,

and tic problems show a high degree of comorbidity (Larson et al.,

2013) (with substantial overlap also seen in CATSS, both for clinical

ICD diagnoses and validated cut-offs), we derived two summary mea-

sures based on meeting criteria for one or more of these NPs. Individ-

uals receiving one or more ICD diagnosis of NPs were classed as

having “narrowly defined NPs,” whereas individuals meeting any

screening cut-off based on the A-TAC, but not receiving any of the

clinical diagnoses, were classed as having “broadly defined NPs.”

Presence of NPs using these two definitions were the primary out-

comes in analyses. Individuals who did not meet criteria for either

broadly or narrowly defined NPs were considered as the unaffected/

control group, for all analyses. See Table 1 for details.

Separate variables were also derived for each of the five specific

NPs, categorized using a combined definition of either broadly or nar-

rowly defined NPs, as a result of limited power (see Table 1). It was

possible for individuals to be categorized for more than one specific

NP. A continuous measure of total NPs was derived by summing

together the A-TAC scales for all five NPs for each individual (range of

scores: 0–43).

2.3 | CNV calling and processing

DNA samples (from saliva) have been collected since 2008 from the

participants after they are initially recruited to the study. DNA was

extracted using the Chemagic STAR instrument from Hamilton Robot-

ics and Puregene extraction kits. Samples were genotyped using the

Illumina Infinium PsychArray-24 BeadChip. For details of sample pro-

cessing and standard genotype quality control (QC), see Brikell

et al. (2018) and Supporting Information Text. For details of CNV call-

ing and QC, see Supporting Information Text, and for an overview,

see Supporting Information Figure S1. CNVs were called using the

standard PennCNV (Wang et al., 2007) protocol. Strict CNV- and

sample-level QC was performed, following the protocol developed by

the Psychiatric Genomics Consortium (Marshall et al., 2016). After all

QC, the sample size for analysis consisted of N = 12,982 individuals,

including N = 2,445 monozygotic and N = 3,554 dizygotic twin pairs.

TABLE 1 Phenotype descriptions

Phenotype

Narrowly defined psychiatric disorders Broadly defined NPsa
Specific NPsb

ICD diagnostic codes
N (%)
affected

Description of A-TAC
measure

N (%)
affected

Overall N (%)
affected

ADHD ADHD/hyperkinetic disorder (F90) 430 (3.3%) 19 items; screening
cut-off: ≥6

931 (7.2%) 1,361 (12.3%)

ASD Autism (F84) 170 (1.3%) 17 items; screening
cut-off: ≥4.5

273 (2.1%) 443 (4.4%)

Motor
problems

Motor disorders (F82) 22 (0.2%) 1 item; screening cut-off:
≥0.5

864 (6.7%) 886 (8.4%)

Tic disorders Tic disorders (F95) 42 (0.3%) 3 items; screening cut-off:
≥1.5

384 (3.0%) 426 (4.2%)

Learning
difficulties

ID (F70-F79), language disorders (F80), scholastic
disorders (F81)

233 (1.8%) 3 items; screening cut-off:
≥1

1,641
(12.6%)

1,874 (16.2%)

Any NPs Any of the above 689 (5.3%) Any of the above 2,569
(20.9%)

3,258 (25.1%)

Anxiety Social anxiety & phobias (F40), generalized anxiety
and panic disorders (F41), separation anxiety
and other childhood-onset anxiety disorders
(F93)

256 (2.0%)

Depression Single and recurrent major depressive disorders
(F32-F34)

220 (1.7%)

Anxiety/
depression

Either of the above 383 (3.0%)

ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum disorder; A-TAC, Autism-Tics, ADHD, and Other Comorbidities inventory; ICD,
International Classification of Diseases; ID: intellectual disability; NPs, neurodevelopmental problems.
Note. Diagnoses for each phenotype were collapsed into binary variables.
a Excludes all individuals diagnosed with any narrowly defined NPs.
b Combined definition of either broadly or narrowly defined NPs for each of the specific phenotypes. Individuals may be affected with multiple spe-
cific NPs.
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2.4 | CNV category definitions

CNV categories were defined based on size (all: >100 kb; medium:

100–500 kb; large: >500 kb), type (deletion or duplication), and pre-

sumed relevance to NPs (relevant CNV or other CNV). CNVs relevant

to NPs were defined as those that either overlapped at least 50% with

any of 69 genomic loci that have previously been implicated in ASD,

ID, and/or schizophrenia (Coe et al., 2014; Marshall et al., 2016;

Sanders et al., 2015) or with any gene within a set of 3,219 highly

evolutionarily constrained genes that are intolerant to mutations (Lek

et al., 2016). Further details about the definitions of these genomic

regions can be found in the Supporting Information Text. CNVs that

overlapped with these loci are referred to as neuropsychiatric disor-

der/evolutionarily constrained CNVs or “ND/EC CNVs” for short and

CNVs that did not overlap are referred to as “other CNVs.” For all cat-

egories of CNVs, the number of CNV segments was categorized as

“absent” if no CNV call had been made for an individual within the

category or “present” if at least one called CNV met the criteria for

that category.

2.5 | Data analyses

For the primary analysis, we examined the overall association of all

CNVs passing QC, with narrowly and broadly defined NPs, as well as

with clinically defined anxiety/depression.

Several secondary tests were then performed to further examine

the relationship between CNVs and these neuropsychiatric outcomes.

First, CNVs were categorized by size and type to test the association

of different CNV categories with each outcome. To determine

whether the impact of rare CNVs differed in children with narrowly or

broadly defined NPs, we compared the burden of each CNV category

in relation to these outcomes. Next, we examined whether CNVs

were associated with a continuous measure of NPs. We also exam-

ined whether significant associations for broad or narrow NPs were

driven by specific NPs. Finally, we compared carriers of at least one

ND/EC-CNV and carriers of other CNVs to controls and to each

other, to further characterize the origin of significant associations.

Several specific analyses were performed to investigate hypothe-

sized sex-specific CNV effects. First, we tested for an overall differ-

ence in CNV burden by sex in the whole sample. To test the

hypothesis that females with NPs are carriers of a higher burden of

risk variants as compared to affected males, we compared CNV bur-

den by sex in individuals with NPs. To test the alternative hypothesis

that genetic risk factors relevant to NPs are more likely to be associ-

ated with anxiety/depression in females than in males, we compared

CNV burden by sex in individuals with any anxiety or depression diag-

nosis. We also tested the impact of comorbid clinically diagnosed NPs

on this relationship by adjusting for the continuous measure of NPs.

For all sex-specific analyses, males were coded as “0” and females

as “1.”

All analyses were performed using logistic or linear generalized

estimating equations (with the package drgee [Zetterqvist & Sjölander,

2015] in R-3.4.1), using family ID to cluster the data to account for

related samples. The following covariates were included for all

analyses: LRR SD, BAF SD, waviness factor, batch, and five principal

components. Results were evaluated using an alpha level of 0.05.

3 | RESULTS

Table 1 shows details of the psychiatric outcomes. There was a strong

association between a child receiving an ICD diagnosis of any NP (nar-

rowly defined NPs) and meeting study screening criteria for any NP

(OR[CI] = 9.66[8.04–11.59], p = 1.2E-130). N = 689 (5.3%) children

had narrowly defined NPs, N = 2,569 children (19.8%) had broadly

defined NPs (based on meeting screening cut-offs but not receiving

clinical diagnoses), and N = 9,724 (74.9%) children were unaffected

by any definition of NPs. N = 383 (3.0%) children had clinically diag-

nosed anxiety and/or depression.

3.1 | Association of CNVs with neuropsychiatric

outcomes

There was an overall association between a child having any rare

(<1% frequency) CNV >100 kb in size and having any broadly defined

NPs (OR[CI] = 1.13[1.03–1.25], p = .014). There were no overall asso-

ciations of presence of any CNVs with narrowly defined NPs (OR

[CI] = 1.09[0.92–1.30], p = .31) or anxiety/depression diagnoses (OR

[CI] = 1.15[0.92–1.42], p = .22).

3.1.1 | Secondary analyses

Associations between CNV categories of different sizes and types

with NPs are shown in Figure 1a (see Supporting Information

Table S1 for exact estimates). These secondary analyses indicated that

medium-sized (100–500 kb) deletions (OR[CI] = 1.18[1.05–1.33],

p = .0053) and large (>500 kb) duplications (OR[CI] = 1.45

[1.19–1.75], p = .00017) drove the observed overall association of

CNVs with broadly defined NPs. Although there was no overall associ-

ation between CNVs and narrowly defined NPs, large deletions did

increase risk for this outcome (OR[CI] = 1.85[1.14–3.01], p = .013).

There were no significant differences in presence of CNVs between

children with narrowly or broadly defined NPs, except for large dele-

tions (OR[CI] = 1.82[1.06–3.11], p = .028), which were more common

in those with narrowly defined NPs (see Supporting Information

Table S2). No CNV category was significantly associated with anxiety/

depression; see Supporting Information Table S3.

CNVs were also associated with the continuous measure of total

NPs (Table 2), with the strongest associations once again observed for

medium deletions (beta[SE] = 0.30[0.11], p = .009) and large duplica-

tions (beta[SE] = 0.42[0.21], p = .046), suggesting that a medium-

sized CNV was associated with an average increase of 0.30 NP symp-

toms, and a large duplication was associated with an average increase

of 0.42 NP symptoms. Excluding individuals with clinically diagnosed

NPs reduced these effects (medium deletions: beta[SE] = 0.26[0.10],

p = .0055; large duplications: beta[SE] = 0.27[0.17], p = .099); see

Table 2.

Next, we examined the association of CNVs with specific NPs

(see Figure 1b and Supporting Information Table S4). Medium dele-

tions were significantly associated with ADHD (OR[CI] = 1.20
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[1.03–1.40], p = .017) and learning difficulties (OR[CI] = 1.24

[1.08–1.42], p = .0017). Large duplications were associated with

ADHD (OR[CI] = 1.53[1.20–1.95], p = .00051), motor problems (OR

[CI] = 1.43[1.08–1.91], p = .013), and learning difficulties (OR[CI] =

1.37[1.10–1.71], p = .0047). Large deletions were also associated

with motor problems (OR[CI] = 1.75[1.12–2.72], p = .013). Although

the effect sizes for the association of CNV classes with ASD and large

duplications with tics were similar to the analyses of ADHD and learn-

ing difficulties, these results did not reach significance (see Supporting

Information Table S4).

When analyses were limited to individuals who are carriers of

ND/EC CNVs (i.e., CNVs likely to be relevant to NPs) as compared

with individuals without any CNVs, the observed effect sizes for large

CNVs increased for both broadly (OR[CI] = 1.60[1.06–2.42], p = .025)

and narrowly defined (OR[CI] = 3.64[2.16–6.13], p = 1.15E-6) NPs

(Supporting Information Table S5). Figure 2 shows the proportion of

NPs in the different CNV carrier groups. Carriers of other (non-ND/

EC) large CNVs also had a higher proportion of broadly defined NPs

as compared with noncarriers (OR[CI] = 1.28[1.06–1.54], p = .010).

This association was nonsignificant for medium-sized CNVs and for

narrowly defined NPs as an outcome (Supporting Information

Table S5). Conversely, carriers of large ND/EC CNVs had an increased

risk of narrowly defined NPs compared to carriers of other large CNVs

(OR[CI] = 3.65[1.83–7.27], p = 2.3E-4); this effect was nonsignificant

when examining medium-sized CNVs or broadly defined NPs

(Supporting Information Table S5).

3.2 | Sex-specific analyses

N = 1,486 (23.0%) males and N = 1,083 (16.6%) females met criteria

for broadly defined NPs, N = 482 (7.5%) males and N = 207 (3.2%)

females met criteria for narrowly defined NPs, and N = 157 (2.4%)

males and N = 226 (3.5%) females met criteria for anxiety/depression;

these sex differences were statistically significant (broad NPs: OR =

0.63[0.57–0.69], p = 7.4E-22; narrow NPs: OR = 0.37[0.31–0.44],

p = 6.6E-27; anxiety/depression: OR = 1.44[1.16–1.79], p = 9.2E-4).

There was no overall difference in presence of CNVs by sex; see

Table 3. There were also no significant sex differences in CNV pres-

ence in children with narrowly or broadly defined NPs. Conversely, in

FIGURE 1 Association between presence of rare CNVs categorized by size (all: >100 kb; medium: 100–500 kb; large: >500 kb) and type (del:

deletion; dup: duplication) with NPs, defined as: (a) broadly defined NPs (i.e., meeting criteria using study screening measures but not receiving

clinical diagnoses) or narrowly defined NPs (i.e., receiving clinical diagnoses in the Swedish register data); and (b) specific NPs, using a combined

definition of children meeting criteria for either broadly or narrowly defined NPs. Note that there is an overlap across the groups with some

children affected with more than one NP. ADHD, attention deficit/hyperactivity disorder; ASD, autism spectrum disorder; CI, 95% confidence

interval; LD, learning difficulties; OR, odds ratio [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Association of presence of CNVs (categorized by size and type) with a continuous measure of NPs

CNV size CNV type

Full sample (N = 12,982) Excluding those with narrow NPs (N = 12,293)

Beta (SE) p Beta (SE) p

All (>100 kb) All 0.20 (0.09) .0228 0.17 (0.07) .0186

Del 0.31 (0.11) .00559 0.28 (0.09) .00263

Dup 0.08 (0.10) .434 0.06 (0.08) .487

Medium (100–500 kb) All 0.16 (0.09) .0817 0.15 (0.08) .04

Del 0.30 (0.11) .00904 0.26 (0.10) .0055

Dup −0.01 (0.10) .922 0.02 (0.08) .804

Large (>500 kb) All 0.35 (0.18) .0474 0.26 (0.15) .0777

Del 0.14 (0.30) .643 0.24 (0.30) .423

Dup 0.42 (0.21) .0461 0.27 (0.17) .0994

CNVs, copy number variants; Del, deletions; Dup, duplications; NPs: neurodevelopmental problems.
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those who had anxiety or depression diagnoses, females were signifi-

cantly more likely than males to have large CNVs. The estimated

effect size for this association increased when comorbid NPs were

adjusted for, by including the continuous measure of NPs as a covari-

ate in this analysis (Table 3).

4 | DISCUSSION

The results of this study add to the growing body of literature on the

role of CNVs in psychiatric phenotypes. Our results are consistent

with previous clinical studies of NPs, which reported significant

enrichment of rare, deleterious CNVs in individuals with clinically

diagnosed NPs (Girirajan et al., 2011; Huang et al., 2017; Mosca et al.,

2016; Sanders et al., 2015; Williams et al., 2012). In this study, we

extend this knowledge by also implicating rare CNVs in children with

more broadly defined, subthreshold NPs and continuously assessed

traits of broad NPs, which has not been shown before. We found no

association between rare CNVs and clinically diagnosed anxiety and

depression in this childhood sample, in line with a recent childhood

population study (Guyatt et al., 2018), albeit in contrast to a population

study which found an association between neuropsychiatric CNVs and

depression (though not anxiety) in adults (Stefansson et al., 2014).

Although we found no differences in CNV burden by sex in individuals

with NPs, our results suggested that CNVs are enriched in females

diagnosed with depression or anxiety, as compared to diagnosed males.

FIGURE 2 The proportion of broadly and narrowly defined NPs compared across carriers of CNVs that affect neuropsychiatric disorders or

evolutionarily constrained genes (ND/EC CNVs), carriers of other CNVs, and controls who do not carry any CNVs, with CNVs stratified by size.

*p < .05; **p < .01; ***p < .001 [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Associations of CNVs with sex

Sample CNV size CNV presence (%) in females/males OR(CI) p

Whole sample (N = 12,982) All 43.9/44.4 0.99(0.91–1.08) .85

Medium 39.7/40.3 0.99(0.91–1.07) .77

Large 7.5/7.4 1.03(0.88–1.21) .68

Broadly defined NPs (N = 2,569) All 46.2/46.6 0.97(0.81–1.16) .75

Medium 40.7/41.8 0.96(0.80–1.15) .65

Large 9.4/8.7 1.06(0.78–1.44) .73

Narrowly defined NPs (N = 689) All 50.7/44.0 1.36(0.95–1.94) .092

Medium 43.5/38.8 1.24(0.86–1.78) .26

Large 10.1/9.5 1.18(0.62–2.22) .61

Anxiety/depression (N = 383) All 49.6/43.3 1.21(0.77–1.91) .41

Medium 41.2/40.1 0.96(0.61–1.52) .87

Large 12.4/3.8 3.75(1.45–9.68) .0064

Anxiety/depression, adjusting for NPs (N = 383) All 49.6/43.3 1.20(0.76–1.92) .43

Medium 41.2/40.1 0.93(0.58–1.48) .76

Large 12.4/3.8 4.28(1.71–10.73) .0019

CI, 95% confidence interval; CNV, copy number variant; NPs, neurodevelopmental problems.
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Several secondary analyses helped to characterize the role of

CNVs in NPs and to pinpoint the categories of CNVs most relevant to

NPs. Our results showed that narrowly defined NPs (i.e., real-life clini-

cal diagnoses independent of the study design) have specific associa-

tions with particularly large (>500 kb) CNVs, especially deletions and

CNVs in regions previously implicated in other neuropsychiatric disor-

ders and evolutionarily constrained, critical biological processes.

Moreover, large deletions were enriched in narrowly defined NPs

compared to broadly defined NPs. Conversely, medium-sized

(100–500 kb) deletions and large duplications were associated with

broadly defined NPs. In addition to large CNVs that were likely to be

relevant to NPs, large CNVs not affecting these regions were also rel-

evant to broadly defined NPs. Thus, the evidence suggests that espe-

cially highly deleterious CNVs are associated with clinical diagnoses of

NPs, whereas arguably somewhat less deleterious CNVs are associ-

ated with NPs defined more broadly in the population. This effect

may be driven by larger CNVs having a more severe outcome as they

disrupt more genes than medium-sized CNVs, as well as a possible dif-

ferential phenotypic impact of duplicated compared to deleted genetic

material.

This study suggests that rare genetic variants related to clinically

diagnosed disorders are also relevant to more broadly defined prob-

lems in the general population, consistent with previous twin and

common variant studies (Martin et al., 2017). When examining NPs as

a continuous distribution of symptoms, we saw a similar pattern of

associations to when NPs were defined dichotomously, with attenu-

ated, albeit largely consistent, effects when clinically diagnosed indi-

viduals were excluded (possibly as a result of reduced power). These

results support the idea that neurodevelopmental disorders reflect the

quantitative extreme of genetic factors operating dimensionally

among individuals in the general population. These results are also

consistent with studies adopting a genetics-first approach, which have

demonstrated that individuals with rare syndromes that are defined

by specific rare CNVs (e.g., 22q11.2 deletion syndrome or Williams

syndrome) show elevated levels of NPs, that do not always meet clini-

cal diagnostic thresholds (Scerif & Baker, 2015; Tang, Antshel,

Fremont, & Kates, 2015).

Multiple NPs were deliberately combined in this study because of

the high comorbidity and shared genetic risk between different disor-

ders (Lichtenstein, Carlström, Råstam, Gillberg, & Anckarsäter, 2010;

Thapar et al., 2017). It has been suggested that a broad and heritable

general psychopathology factor underlies NPs (Neumann et al., 2016;

Pettersson, Larsson, & Lichtenstein, 2015). Our current results lend

support to this idea by demonstrating that CNVs are to a large degree

nonspecific, affecting multiple related neurodevelopmental outcomes

in children from the general population. Although the analyses of spe-

cific NPs suggested that CNVs were most strongly associated with

ADHD, motor problems and learning difficulties, these outcomes were

in fact the most common ones in the sample (see Table 1); the esti-

mated confidence intervals overlapped to a large degree for the differ-

ent NPs and it is likely that these comparisons were affected by

decreased power for ASD and tic problems. Thus, our results lend fur-

ther evidence for pleiotropy of genetic risks impacting on multiple

outcomes.

The second aim of our study was to determine whether CNVs

showed sex-specific associations that could elucidate the excessive

male bias seen in NPs. In contrast to the previous clinical studies

which reported an increased burden of large, rare CNVs in females

with diagnosed ASD and developmental delay (Gilman et al., 2011;

Jacquemont et al., 2014; Levy et al., 2011), our results showed no

differences in CNV presence in males and females with NPs. This

inconsistency may be because of ascertainment and measurement

differences. The previous studies were clinically ascertained samples

of children meeting research-based diagnostic criteria for NPs,

whereas the current dataset is a childhood population cohort study,

with NPs defined using either a lifetime clinician's diagnosis (that is

independent of study recruitment) or a broad study screening mea-

sure. Females diagnosed with ASD in clinical cohorts may be more

severely affected and have more comorbid problems than affected

males, which could also explain the discrepancy between previous

studies and our results in this population sample (Gilman et al., 2011;

Jacquemont et al., 2014; Levy et al., 2011).

Interestingly, we detected more large, rare CNVs in females with

ICD diagnoses of anxiety or depression than in diagnosed males. This

result could suggest that large, rare CNVs manifest differently in males

and females. Adjusting for comorbid NPs (by including NP traits as a

covariate) appeared to strengthen the association. This indicates that

comorbid NPs in females with anxiety or depression do not explain

the observed results. One interpretation is that large, rare CNVs may

be more likely to be associated with anxiety or depression diagnoses

in females. A complementary interpretation is that males with such

CNVs may be less likely to be diagnosed with anxiety or depression;

although the rate of large CNVs was similar by sex in the whole sam-

ple (females: 7.5%; males: 7.4%), in the individuals with diagnosed

anxiety or depression, females had an increased rate (12.4%) whereas

males had a decreased rate (3.8%) of large CNVs. In contrast to the

male bias seen in NPs, epidemiological studies show a female bias

toward diagnoses of anxiety and depression (Craske et al., 2017;

Weissman et al., 1996). Given that the anxiety/depression diagnoses

in this study were obtained from the study-independent Swedish NPR

and individuals were not comprehensively screened for these clinical

diagnoses, our results hint that this prevalence difference may be in

part as a result of sex-specific referral or diagnostic biases, where

female CNV carriers who manifest psychopathology and are referred

for clinical assessment may be more likely to receive diagnoses of anx-

iety or depression rather than NPs, which are more common in males.

A complementary finding was recently reported in the same dataset,

whereby common risk alleles for ADHD are also enriched in females

diagnosed with anxiety or depression as compared to affected males

(Martin, Taylor, et al., 2018). However, the sample size of diagnosed

individuals is limited in the current dataset and larger studies are

needed to replicate and further interpret this novel finding.

The strengths of this study include the use of a large homogenous

population sample with genome-wide data as well as multiple assess-

ments of NPs (based on study screening using parental questionnaires

and study-independent “real-life” clinician's diagnoses). However, as

this was a general population cohort, the proportion of individuals

with clinical diagnoses was small, which of course constrains the

power of the analyses. In particular, we were limited by sample size
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for analyzing specific NPs and thus broadly and narrowly defined

problems were grouped to maximize power. As such, the classes of

CNVs associated with specific NPs (e.g., medium deletions and large

duplications associated with ADHD) may not generalize to associa-

tions only seen in clinically diagnosed disorders (Girirajan et al., 2011;

Huang et al., 2017; Mosca et al., 2016; Sanders et al., 2015; Williams

et al., 2012). The power was further limited for stratifying rare CNVs

by size, type, and relevance to NPs, so we are unable to draw conclu-

sions about the specific loci (and for the sex-specific analyses even

the category of CNVs) that may be driving observed associations.

Another limitation is that certain types of CNVs and other structural

variants (e.g., individuals with possible aneuploidies) were excluded

from the study during QC, which may have affected the generalizabil-

ity of our results to a broader class of rare structural variation in the

general population.

In conclusion, this study demonstrates that rare CNVs not only

impact on clinically recognized neurodevelopmental disorders in chil-

dren but also on more broadly defined subthreshold and continuously

defined NPs, which has not been reported previously in a nonclinical

childhood population sample. Future studies using large genome-wide

datasets are needed to further determine the role of specific rare

genomic loci in NPs and other psychiatric phenotypes in the general

population. Our results add to studies of CNVs in adult populations

(Kendall et al., 2016; Männik et al., 2015; Stefansson et al., 2014) and

one recent childhood population study (Guyatt et al., 2018), demon-

strating that population datasets with information on broad psychiat-

ric problems will be an important addition to case–control studies in

characterizing the role of rare variation in relation to neuropsychiatric

phenotypes. Our study also finds evidence of a novel association

between large, rare CNVs with anxiety and depression in females

compared to males. This points to a possible role of sex-specific mani-

festation of CNVs that would benefit from further study.

ACKNOWLEDGMENTS

Dr. Martin was supported by the Wellcome Trust (Grant 106047). The

CATSS study is part of The Swedish Twin Registry, which is managed

by Karolinska Institutet and receives funding through the Swedish

Research Council under grant 2017-00641. CATSS also has support

from the Swedish Research Council for Health, Working Life and Wel-

fare. Funders were not directly involved in the study.

CONFLICT OF INTEREST

Prof. Lichtenstein has served as a speaker for Medice, and Prof.

Larsson has served as a speaker for Eli-Lilly and Shire and has received

research grants from Shire, all outside the submitted work. All other

authors report no conflicts of interest.

ORCID

Joanna Martin https://orcid.org/0000-0002-8911-3479

REFERENCES

Anckarsäter, H., Lundström, S., Kollberg, L., Kerekes, N., Palm, C.,

Carlström, E., … Lichtenstein, P. (2012). The child and adolescent twin

study in Sweden (CATSS). Twin Research and Human Genetics, 14(06),

495–508. https://doi.org/10.1375/twin.14.6.495
Beitchman, J. H., Hood, J., & Inglis, A. (1992). Familial transmission of

speech and language impairment: A preliminary investigation. Canadian

Journal of Psychiatry, 37(3), 151–156.
Brikell, I., Larsson, H., Lu, Y., Pettersson, E., Chen, Q., Kuja-Halkola, R., …

Martin, J. (2018). The contribution of common genetic risk variants for

ADHD to a general factor of childhood psychopathology. Molecular

Psychiatry. https://doi.org/10.1038/s41380-018-0109-2
Chen, Q., Brikell, I., Lichtenstein, P., Serlachius, E., Kuja-Halkola, R.,

Sandin, S., & Larsson, H. (2017). Familial aggregation of

attention-deficit/hyperactivity disorder. Journal of Child Psychology and

Psychiatry, 58(3), 231–239. https://doi.org/10.1111/jcpp.12616
Coe, B. P., Witherspoon, K., Rosenfeld, J. A., van Bon, B. W. M., Vulto-van

Silfhout, A. T., Bosco, P., … Eichler, E. E. (2014). Refining analyses of

copy number variation identifies specific genes associated with devel-

opmental delay. Nature Genetics, 46(10), 1063–1071. https://doi.

org/10.1038/ng.3092
Conti-Ramsden, G., Falcaro, M., Simkin, Z., & Pickles, A. (2007). Familial

loading in specific language impairment: Patterns of differences across

proband characteristics, gender and relative type. Genes, Brain and

Behavior, 6(3), 216–228. https://doi.org/10.1111/j.1601-183X.2006.

00250.x
Craske, M. G., Stein, M. B., Eley, T. C., Milad, M. R., Holmes, A.,

Rapee, R. M., & Wittchen, H.-U. (2017). Anxiety disorders. Nature

Reviews. Disease Primers, 3, 17024. https://doi.org/10.1038/nrdp.

2017.24
Darrow, S. M., Hirschtritt, M. E., Davis, L. K., Illmann, C., Osiecki, L.,

Grados, M., … Mathews, C. A. (2017). Identification of two heritable

cross-disorder endophenotypes for tourette syndrome. American Jour-

nal of Psychiatry, 174, 387–396. https://doi.org/10.1176/appi.ajp.

2016.16020240
de la Torre-Ubieta, L., Won, H., Stein, J. L., & Geschwind, D. H. (2016).

Advancing the understanding of autism disease mechanisms through

genetics. Nature Medicine, 22(4), 345–361. https://doi.org/10.1038/

nm.4071
De Rubeis, S., He, X., Goldberg, A. P., Poultney, C. S., Samocha, K.,

Ercument Cicek, A., … Buxbaum, J. D. (2014). Synaptic, transcriptional

and chromatin genes disrupted in autism. Nature, 515(7526), 209–215.

https://doi.org/10.1038/nature13772
Demontis, D., Walters, R. K., Martin, J., Mattheisen, M., Als, T. D.,

Agerbo, E., … Neale, B. M. (2017). Discovery of the first genome-wide

significant risk loci for ADHD. BioRxiv. doi:https://doi.org/10.

1101/145581
Faraone, S. V. (2000). Family study of girls with attention deficit hyperac-

tivity disorder. American Journal of Psychiatry, 157(7), 1077–1083.

https://doi.org/10.1176/appi.ajp.157.7.1077
Faraone, S. V., Asherson, P., Banaschewski, T., Biederman, J.,

Buitelaar, J. K., Ramos-Quiroga, J. A., … Franke, B. (2015). Attention--

deficit/hyperactivity disorder. Nature Reviews Disease Primers, 1.

https://doi.org/10.1038/nrdp.2015.20
Ganna, A., Satterstrom, K., Zekavat, S., Das, I., Kurki, M., Churchhouse,

C., & Neale, B. (2018). Quantifying the impact of rare and ultra-rare

coding variation across the phenotypic spectrum. Am J Hum Genet,

102(6), 1204–1211. https://doi.org/10.1016/j.ajhg.2018.05.002
Gilman, S. R., Iossifov, I., Levy, D., Ronemus, M., Wigler, M., & Vitkup, D.

(2011). Rare de novo variants associated with autism implicate a large

functional network of genes involved in formation and function of syn-

apses. Neuron, 70(5), 898–907.
Girirajan, S., Brkanac, Z., Coe, B. P., Baker, C., Vives, L., Vu, T. H., …

Silengo, M. (2011). Relative burden of large CNVs on a range of neuro-

developmental phenotypes. PLoS Genetics, 7(11), e1002334.
Girirajan, S., Rosenfeld, J. a., Coe, B. P., Parikh, S., Friedman, N., Ch, B., …

Ball, S. (2012). Phenotypic heterogeneity of genomic disorders and rare

copy-number variants. The New England Journal of Medicine, 367(14),

1321–1131.

348 MARTIN ET AL.



Goin-Kochel, R. P., Abbacchi, A., & Constantino, J. N. (2007). Lack of evi-
dence for increased genetic loading for autism among families of

affected females: A replication from family history data in two large
samples. Autism: The International Journal of Research and Practice,
11(3), 279–286. https://doi.org/10.1177/1362361307076857

Guyatt, A. L., Stergiakouli, E., Martin, J., Walters, J., O'Donovan, M.,

Owen, M., … Gaunt, T. R. (2018). Association of copy number variation
across the genome with neuropsychiatric traits in the general popula-
tion. American Journal of Medical Genetics Part B: Neuropsychiatric

Genetics, 177, 489–502.
Hamshere, M. L., Langley, K., Martin, J., Agha, S. S., Stergiakouli, E.,

Anney, R. J. L., … Thapar, A. (2013). High loading of polygenic risk for
ADHD in children with comorbid aggression. American Journal of Psy-

chiatry, 170(8), 909–916. https://doi.org/10.1176/appi.ajp.2013.
12081129

Hansson, S. L., Svanström Röjvall, A., Rastam, M., Gillberg, C.,

Gillberg, C., & Anckarsäter, H. (2005). Psychiatric telephone interview
with parents for screening of childhood autism—Tics, attention-deficit
hyperactivity disorder and other comorbidities (A–TAC). The British

Journal of Psychiatry, 187(3), 262–267.
Huang, A. Y., Yu, D., Davis, L. K., Sul, J. H., Tsetsos, F., Ramensky, V., …

Smit, J. (2017). Rare copy number variants in NRXN1 and CNTN6
increase risk for Tourette syndrome. Neuron, 94(6), 1101–1111.e7.
https://doi.org/10.1016/j.neuron.2017.06.010

Hull, L., & Mandy, W. (2017). Protective effect or missed diagnosis?
Females with autism spectrum disorder. Future Neurology., 12,

159–169. https://doi.org/10.2217/fnl-2017-0006
Iossifov, I., Ronemus, M., Levy, D., Wang, Z., Hakker, I., Rosenbaum, J., …

Leotta, A. (2012). De novo gene disruptions in children on the autistic
spectrum. Neuron, 74(2), 285–299.

Jacquemont, S., Coe, B. P., Hersch, M., Duyzend, M. H., Krumm, N.,
Bergmann, S., … Eichler, E. E. (2014). A higher mutational burden in
females supports a “female protective model” in neurodevelopmental
disorders. The American Journal of Human Genetics, 94(3), 415–425.
https://doi.org/10.1016/j.ajhg.2014.02.001

Kendall, K. M., Rees, E., Escott-Price, V., Einon, M., Thomas, R.,
Hewitt, J., & Kirov, G. (2016). Cognitive performance among carriers of
pathogenic copy number variants: Analysis of 152,000 UK biobank
subjects. Biological Psychiatry, 82(2), 103–110. https://doi.org/10.
1016/j.biopsych.2016.08.014

Larson, T., Lundström, S., Nilsson, T., Selinus, E. N., Råstam, M.,
Lichtenstein, P., … Kerekes, N. (2013). Predictive properties of the
A-TAC inventory when screening for childhood-onset neurodevelop-
mental problems in a population-based sample. BMC Psychiatry,
13(233). https://doi.org/10.1186/1471-244X-13-233

Larsson, H., Anckarsater, H., Råstam, M., Chang, Z., & Lichtenstein, P.
(2011). Childhood attention-deficit hyperactivity disorder as an
extreme of a continuous trait: A quantitative genetic study of 8,500
twin pairs. Journal of Child Psychology and Psychiatry, 53(1), 73–80.

Lek, M., Karczewski, K. J., Minikel, E. V., Samocha, K. E., Banks, E.,
Fennell, T., … Consortium, E. A. (2016). Analysis of protein-coding
genetic variation in 60,706 humans. Nature, 536(7616), 285–291.
https://doi.org/10.1038/nature19057

Levy, D., Ronemus, M., Yamrom, B., Lee, Y., Leotta, A., Kendall, J., … Ye, K.
(2011). Rare de novo and transmitted copy-number variation in autistic
spectrum disorders. Neuron, 70(5), 886–897.

Lichtenstein, P., Carlström, E., Råstam, M., Gillberg, C., & Anckarsäter, H.
(2010). The genetics of autism spectrum disorders and related neuro-

psychiatric disorders in childhood. American Journal of Psychiatry,
167(11), 1357–1363.

Lingam, R., Golding, J., Jongmans, M. J., Hunt, L. P., Ellis, M., & Emond, A.
(2010). The association between developmental coordination disorder
and other developmental traits. Pediatrics, 126(5), e1109–e1118.

https://doi.org/10.1542/peds.2009-2789
Loomes, R., Hull, L., & Mandy, W. P. L. (2017). What is the male-to-female

ratio in autism Spectrum disorder? A systematic review and
meta-analysis. Journal of the American Academy of Child & Adolescent

Psychiatry, 56(6), 466–474. https://doi.org/10.1016/j.jaac.2017.

03.013
Magnusson, P. K. E., Almqvist, C., Rahman, I., Ganna, A., Viktorin, A.,

Walum, H., & Lichtenstein, P. (2013). The Swedish twin registry:

Establishment of a biobank and other recent developments. Twin

Research and Human Genetics, 16(1), 317–329. https://doi.org/10.

1017/thg.2012.104
Männik, K., Mägi, R., Macé, A., Cole, B., Guyatt, A. L., Shihab, H. A., …

Reymond, A. (2015). Copy number variations and cognitive pheno-

types in unselected populations. JAMA, 313(20), 2044–2054. https://

doi.org/10.1001/jama.2015.4845
Marshall, C. R., Howrigan, D. P., Merico, D., Thiruvahindrapuram, B.,

Wu, W., Greer, D. S., … Sebat, J. (2016). Contribution of copy number

variants to schizophrenia from a genome-wide study of 41,321 sub-

jects. Nature Genetics, 49(1), 27–35. https://doi.org/10.1038/ng.3725
Martin, J., Hamshere, M. L., Stergiakouli, E., O'Donovan, M. C., &

Thapar, A. (2014). Genetic risk for attention-deficit/hyperactivity disor-

der contributes to neurodevelopmental traits in the general population.

Biological Psychiatry, 76(8), 664–671. https://doi.org/10.1016/j.

biopsych.2014.02.013
Martin, J., Taylor, M. J., & Lichtenstein, P. (2017). Assessing the evidence

for shared genetic risks across psychiatric disorders and traits. Psycho-

logical Medicine, 48, 1–16. https://doi.org/10.1017/

S0033291717003440
Martin, J., Taylor, M. J., Rydell, M., Riglin, L., Eyre, O., Lu, Y., …

Lichtenstein, P. (2018). Sex-specific manifestation of genetic risk for

attention deficit hyperactivity disorder in the general population. Jour-

nal of Child Psychology and Psychiatry, 59(8), 908–916. https://doi.

org/10.1111/jcpp.12874
Martin, J., Walters, R. K., Demontis, D., Mattheisen, M., Lee, S. H.,

Robinson, E., … Neale, B. M. (2018). A genetic investigation of sex bias

in the prevalence of attention-deficit/hyperactivity disorder. Biological

Psychiatry, 83, 1044–1053. https://doi.org/10.1016/j.biopsych.2017.

11.026
Mitra, I., Tsang, K., Ladd-Acosta, C., Croen, L. A., Aldinger, K. A.,

Hendren, R. L., … Liu, X.-Q. (2016). Pleiotropic mechanisms indicated

for sex differences in autism. PLoS Genetics, 12(11), e1006425. https://

doi.org/10.1371/journal.pgen.1006425
Mosca, S. J., Langevin, L. M., Dewey, D., Innes, A. M., Lionel, A. C.,

Marshall, C. C., … Bernier, F. P. (2016). Copy-number variations are

enriched for neurodevelopmental genes in children with developmen-

tal coordination disorder. Journal of Medical Genetics, 53(12), 812–819.

https://doi.org/10.1136/jmedgenet-2016-103818
Neale, B. M., Kou, Y., Liu, L., Ma'ayan, A., Samocha, K. E., Sabo, A., …

Cook, E. H., Jr. (2012). Patterns and rates of exonic de novo mutations

in autism spectrum disorders. Nature, 485(7397), 242–245. https://

doi.org/10.1038/nature11011
Neumann, A., Pappa, I., Lahey, B. B., Verhulst, F. C., Medina-Gomez, C.,

Jaddoe, V. W., … Tiemeier, H. (2016). Single nucleotide polymorphism

heritability of a general psychopathology factor in children. Journal of

the American Academy of Child & Adolescent Psychiatry, 55(12),

1038–1045. https://doi.org/10.1016/j.jaac.2016.09.498
O'Rourke, J. A., Scharf, J. M., Yu, D., & Pauls, D. L. (2009). The genetics of

Tourette syndrome: A review. Journal of Psychosomatic Research, 67(6),

533–545. https://doi.org/10.1016/j.jpsychores.2009.06.006
Pettersson, E., Larsson, H., & Lichtenstein, P. (2015). Common psychiatric

disorders share the same genetic origin: A multivariate sibling study of

the Swedish population. Molecular Psychiatry, 21(5), 717–721. https://

doi.org/10.1038/mp.2015.116
Pinto, D., Delaby, E., Merico, D., Barbosa, M., Merikangas, A., Klei, L., …

González, P. J. (2014). Convergence of genes and cellular pathways

dysregulated in autism spectrum disorders. The American Journal of

Human Genetics, 94, 677–694. https://doi.org/10.1016/j.ajhg.2014.

03.018
Quinn, P. O., & Madhoo, M. (2014). A review of

attention-deficit/hyperactivity disorder in women and girls: Uncover-

ing this hidden diagnosis. The Primary Care Companion for CNS Disor-

ders, 16(3). https://doi.org/10.4088/PCC.13r01596
Rhee, S. H., & Waldman, I. D. (2004). Etiology of sex differences in the

prevalence of ADHD: An examination of inattention and

hyperactivity–impulsivity. American Journal of Medical Genetics Part B:

Neuropsychiatric Genetics, 127(1), 60–64.
Robinson, E. B., Lichtenstein, P., Anckarsäter, H., Happé, F., & Ronald, A.

(2013). Examining and interpreting the female protective effect against

MARTIN ET AL. 349



autistic behavior. Proceedings of the National Academy of Sciences,
110(13), 5258–5262. https://doi.org/10.1073/pnas.1211070110

Robinson, E. B., St Pourcain, B., Anttila, V., Kosmicki, J. A.,
Bulik-Sullivan, B., Grove, J., … Daly, M. J. (2016). Genetic risk for
autism spectrum disorders and neuropsychiatric variation in the gen-
eral population. Nature Genetics, 48(5), 552–555. https://doi.org/10.
1038/ng.3529

Sanders, S. J., He, X., Willsey, A. J., Ercan-Sencicek, A. G.,
Samocha, K. E., Cicek, A. E., … State, M. W. (2015). Insights into
autism Spectrum disorder genomic architecture and biology from
71 risk loci. Neuron, 87(6), 1215–1233. https://doi.org/10.1016/j.
neuron.2015.09.016

Scerif, G., & Baker, K. (2015). Annual research review: Rare genotypes and
childhood psychopathology—Uncovering diverse developmental mech-
anisms of ADHD risk. Journal of Child Psychology and Psychiatry, 56(3),
251–273. https://doi.org/10.1111/jcpp.12374

Smalley, S. L., McGough, J. J., Del'Homme, M., NewDelman, J., Gordon, E.,
Kim, T., … McCracken, J. T. (2000). Familial clustering of symptoms and
disruptive behaviors in multiplex families with
attention-deficit/hyperactivity disorder. Journal of the American Acad-

emy of Child and Adolescent Psychiatry, 39(9), 1135–1143.
Stefansson, H., Meyer-Lindenberg, A., Steinberg, S., Magnusdottir, B.,

Morgen, K., Arnarsdottir, S., … Stefansson, K. (2014). CNVs conferring
risk of autism or schizophrenia affect cognition in controls. Nature,
505(7483), 361–366. https://doi.org/10.1038/nature12818

Szatmari, P., Liu, X.-Q. Q., Goldberg, J., Zwaigenbaum, L., Paterson, A. D.,
Woodbury-Smith, M., … Woodbury-Smith, M. (2012). Sex differences
in repetitive stereotyped behaviors in autism: Implications for genetic
liability. American Journal of Medical Genetics Part B: Neuropsychiatric

Genetics, 159B(1), 5–12. https://doi.org/10.1002/ajmg.b.31238
Tang, K. L., Antshel, K. M., Fremont, W. P., & Kates, W. R. (2015). Behav-

ioral and psychiatric phenotypes in 22q11.2 deletion syndrome. Journal
of Developmental and Behavioral Pediatrics, 36, 639–650. https://doi.
org/10.1097/DBP.0000000000000210

Taylor, M. J., Lichtenstein, P., Larsson, H., Anckarsäter, H., Greven, C. U., &
Ronald, A. (2016). Is there a female protective effect against
attention-deficit/hyperactivity disorder? Evidence from two represen-
tative twin samples. Journal of the American Academy of Child & Adoles-

cent Psychiatry, 55(6), 504–512. https://doi.org/10.1016/j.jaac.2016.
04.004

Thapar, A., Cooper, M., & Rutter, M. (2017). Neurodevelopmental disor-
ders. The Lancet Psychiatry, 4(4), 339–346.

Wang, K., Li, M., Hadley, D., Liu, R., Glessner, J., Grant, S. F., … Bucan, M.
(2007). PennCNV: An integrated hidden Markov model designed for
high-resolution copy number variation detection in whole-genome
SNP genotyping data. Genome Research, 17(11), 1665–1674. https://
doi.org/10.1101/gr.6861907

Weiner, D. J., Wigdor, E. M., Ripke, S., Walters, R. K., Kosmicki, J. A.,
Grove, J., … Robinson, E. B. (2017). Polygenic transmission disequilib-
rium confirms that common and rare variation act additively to create
risk for autism spectrum disorders. Nature Genetics, 49(7), 978–985.
https://doi.org/10.1038/ng.3863

Weissman, M. M., Bland, R. C., Canino, G. J., Faravelli, C., Greenwald, S.,
Hwu, H.-G., … Yeh, E.-K. (1996). Cross-National Epidemiology of major
depression and bipolar disorder. JAMA, 276(4), 293–299. https://doi.
org/10.1001/jama.1996.03540040037030

WHO. (1993). The ICD-10 Classifiaction of mental and behavioural disorders.
Geneva, Switzerland: Author.

Williams, N. M., Franke, B., Mick, E., Anney, R. J. L., Freitag, C. M., Gill, M., …
Holmans, P. (2012). Genome-wide analysis of copy number variants in
attention deficit hyperactivity disorder: The role of rare variants and
duplications at 15q13. 3. American Journal of Psychiatry, 169(2), 195–204.

Zetterqvist, J., & Sjölander, A. (2015). Doubly robust estimation with the R
package drgee. Epidemiologic Methods, 4. https://doi.org/10.1515/
em-2014-0021

SUPPORTING INFORMATION

Additional supporting information may be found online in the Sup-

porting Information section at the end of the article.

How to cite this article: Martin J, Tammimies K, Karlsson R,

et al. Copy number variation and neuropsychiatric problems in

females and males in the general population. Am J Med Genet

Part B. 2019;180B:341–350. https://doi.org/10.1002/ajmg.b.

32685

350 MARTIN ET AL.


	 Copy number variation and neuropsychiatric problems in females and males in the general population
	1  INTRODUCTION
	2  METHOD
	2.1  Sample description
	2.2  Phenotypic measures
	2.3  CNV calling and processing
	2.4  CNV category definitions
	2.5  Data analyses

	3  RESULTS
	3.1  Association of CNVs with neuropsychiatric outcomes
	3.1.1  Secondary analyses

	3.2  Sex-specific analyses

	4  DISCUSSION
	4  ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  References


