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Abstract
Recent case–control genetic studies of attention deﬁcit hyperactivity disorder (ADHD) have implicated common and
rare genetic risk alleles, highlighting the polygenic and complex aetiology of this neurodevelopmental disorder.
Studies of other neurodevelopmental disorders, such as autism spectrum disorder (ASD), Tourette disorder,
developmental delay/intellectual disability and schizophrenia indicate that identiﬁcation of speciﬁc risk alleles and
additional insights into disorder biology can be gained by studying non-inherited de novo variation. In this study, we
aimed to identify large de novo copy number variants (CNVs) in children with ADHD. Children with a conﬁrmed
diagnosis of ADHD and their parents were genotyped and included in this sample. We used PennCNV to call large
(>200 kb) CNVs and identiﬁed those calls that were present in the proband and absent in both biological parents. In
305 parent–offspring trios, we detected 14 de novo CNVs in 13 probands, giving a mutation rate of 4.6% and a per
individual rate of 4.3%. This rate is higher than published reports in controls and similar to those observed for ASD,
schizophrenia and Tourette disorder. We also identiﬁed de novo mutations at four genomic loci (15q13.1–13.2
duplication, 16p13.11 duplication, 16p12.2 deletion and 22q11.21 duplication) that have previously been implicated in
other neurodevelopmental disorders, two of which (16p13.11 and 22q11.21) have also been implicated in
case–control ADHD studies. Our study complements ADHD case–control genomic analyses and demonstrates the
need for larger parent–offspring trio genetic studies to gain further insights into the complex aetiology of ADHD.

Introduction
Attention deﬁcit hyperactivity disorder (ADHD) is a
highly heritable (~70%), common and impairing neurodevelopmental disorder with a complex genetic architecture1. Recent case–control genome-wide studies point
to the involvement of thousands of relatively common
single-nucleotide polymorphisms2, very rare proteintruncating sequence variants and likely pathogenic missense mutations3, as well as large, rare copy number
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variants (CNVs)4–6. Although all of these classes of variant are associated with ADHD risk, robustly implicating
speciﬁc risk alleles is an ongoing process. For instance,
only a handful of CNV loci (e.g., 15q13.3)5 have been
individually implicated in risk of ADHD and given the
large size of these loci, the speciﬁc genes involved are yet
to be pinpointed. Studies of de novo mutations using
parent–offspring trios provide an especially powerful
approach to gene discovery because the background rate
in unaffected individuals is low, and therefore if an elevated rate in cases is demonstrable, such mutations are
likely pathogenic and can provide important insights into
disease biology7.
De novo likely damaging mutations, that include CNVs
which intersect genes, have been identiﬁed for other
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neurodevelopmental disorders, such as autism spectrum
disorder (ASD), Tourette disorder, developmental delay/
intellectual disability (DD/ID) and schizophrenia7–12.
Individuals with ASD have a rate of de novo CNVs that is
between three- and ﬁvefold higher than in unaffected
siblings or control individuals13. Individuals with simplex
Tourette disorder have a similar rate of de novo CNVs to
probands with ASD14 as do individuals with schizophrenia7. Of these neurodevelopmental disorders, the rate
of de novo CNVs is highest in individuals with DD/ID,
at ~10%15.
Trio-based genetic studies of ADHD are lacking. There
has been only one small study and it reported a rate of de
novo CNVs (1.7% or three probands out of N = 173) that
was only slightly elevated above previous reports of de
novo rates in controls16. In this study, we set out to
characterise large de novo CNVs in parent–offspring trios
of probands diagnosed clinically with ADHD.

Method
Sample

Children with ADHD, aged 5–17 years old, were
recruited from UK child and adolescent mental health and
paediatric clinics. ADHD diagnoses based on DSM-IV or
DSM-III-R were conﬁrmed via a semi-structured research
diagnostic interview (the Child and Adolescent Psychiatric Assessment17) by trained, supervised psychologists.
Full-scale IQ was assessed using the WISC-IV18. A proportion of the probands in the sample (N = 136 or 44.6%)
have been analysed in previous case–control CNV studies4,5. Approval for the study was obtained from the
North West England and Wales Multicentre Research
Ethics Committees. Written informed consent to participate was obtained from parents and children aged 16
years and older and assent was gained from children
under 16 years of age.
Genotyping, CNV calling and quality control (QC)

DNA was obtained from blood and oragene (saliva)
samples for ADHD probands and both biological parents.
In all, N = 424 ADHD parent–offspring trios were genotyped using a custom version of the Illumina PsychChip.
Only samples with >95% call rate and those that passed a
sex check were retained. Only complete trios that passed
QC and an additional Mendel check in PLINK (to conﬁrm
biological relatedness) were used for CNV calling.
CNVs were called using PennCNV19 and nearby calls
were merged if the CNVs were separated by <50% of their
combined length. CNVs were removed if they were called
using <10 probes, had size <50 kb, probe density <20 kb/
probe or a PennCNV conﬁdence score <10. Samples were
removed if they had log R ratio standard deviation > 0.3, B
allele frequency (BAF)-drift >0.01 or waviness factor >
0.05. In addition, we applied further, more stringent
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criteria in ADHD probands and excluded individuals with
extreme scores on QC metrics (>4 SD than the sample
mean) as follows: if they had an apparently excessive CNV
load (number of segments > 50.8 or length in kilobases
(KB) > 16593) or poor probe variance (BAF-SD > 0.063).
These additional steps were performed to ensure that
potential de novo CNVs would be of high quality, whereas
being conservative and not removing a whole trio based
on reduced data quality in just one parent. In total, N =
305 complete trios passed all of the above QC and were
kept for analyses. After these steps, only CNVs of size
>200 kb were retained for analysis, to ensure accuracy
of calls.
CNVs were then annotated as “transmitted”, “nontransmitted”, or “likely de novo” based on presence or
absence of a call made in either parent and/or proband.
All CNVs that were ﬂagged as likely de novo were visually
examined in the offspring and both conﬁrmed biological
parents and only clear-cut, un-ambiguous de novo calls
were retained for analyses, minimising the false positive
rate at the expense of potentially missing real calls. We
did not perform validation, as the traces were deﬁnitive
(see Supplementary Figures 1A–G).
We examined whether the loci disrupted by the de novo
CNVs had previously been implicated in case–control
common variant2 and rare CNV studies4–6 of ADHD.
Next we compared the list of de novo loci with rare CNV
loci implicated in other neurodevelopmental disorders,
using previously published studies of ASD8, DD/ID20,
schizophrenia21,22, and Tourette disorder14. We also
annotated each de novo CNV locus with genes and
examined if any of these genes have been implicated in
ASD, ADHD or DD/ID, based on studies of loss-offunction exonic mutations and deleterious missense variation3,9,23. A number of regions and genes overlapped
across disorders. The merged lists of neurodevelopmental
genetic risks consisted of 96 unique CNV loci and 197
unique genes. All loci were converted to genome build
hg19. Overlap was deﬁned as a CNV overlapping at least
50% of a previously implicated region or a CNV affecting
the coding sequence of a gene in the list of genes of
interest.

Results
In the N = 305 trios (of which, 36 or 11.8% were female
probands) that passed QC, we detected a total of 14 de
novo CNVs (N = 9 that were >500 kb and N = 5 that were
between 200 and 500 kb) in 13 ADHD probands, with one
individual having two CNVs that were >500 kb. Two of
the de novo CNV carriers were female and the rest were
male. The overall mutation rate was 4.6% (14/305) and the
per individual rate was 4.3% (13/305). Although we did
not have population controls available in this study, a
recent study of control trios using similar methodology
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reported a de novo mutation rate of 1.0% for CNVs
>200kb24; thus the rate in ADHD was over four times
higher than this comparable control rate. The mutation
rate of de novo deletions was 3.3% and the rate of de novo
duplications was 1.3%.
The mean IQ of de novo CNV carriers was 83.6 (SD =
13.0) and the mean IQ of the rest of the sample was 85.2
(SD = 13.5), with 3 (25.0%) of the de novo CNV carriers
(with non-missing IQ) having comorbid ID (IQ < 70), and
26 (9.6%) of the rest of the sample having comorbid ID.
The group of de novo CNV carriers was too small to
perform a statistical comparison. Information on age of
the parents at birth of their children was available for only
10 of the de novo CNV carriers (maternal age mean(SD)
= 24.5(3.4); paternal age mean (SD) = 27.1(5.8)) and the
means of the rest of the samples were: maternal age mean
(SD) = 26.9(5.8); paternal age mean(SD) = 29.8(6.8). As
with IQ, the sample was too small for a robust statistical
comparison.
Table 1 summarises the identiﬁed CNVs, annotated
with affected genes. None of these genes overlapped with
genes implicated by a recent ADHD genome-wide association study (GWAS)2 or the list of genes implicated by
recent sequencing studies of ASD, ADHD and DD/
ID3,9,23. However, four of the de novo CNVs have previously been robustly implicated in other neurodevelopmental disorders8,14,20–22, two of which have also been
implicated previously in case–control CNV studies of
ADHD4–6, as summarised in Table 2. In addition, duplications at 16p13.1125 and a de novo duplication at
15q13.126 have also previously been observed in people
with schizophrenia. Given that a proportion of the current
sample have previously been included in published
case–control CNV studies4,5, we determined that eight of
the de novo loci in our study overlap at least partially
(≥50% overlap) with a previously reported CNV in a
person with ADHD, with six of these eight de novo CNV
carriers having taken part in the previous case–control
studies. On the other hand, six of the loci in our study
(4p16.3, 10q11.22q11.23, 10q21.3, 10q22.2, 15q26.3 and
16p13.3) are in novel regions and have not been previously reported in individuals diagnosed with ADHD in
these large case–control studies.
Of the samples included in previously published studies4,5, six were de novo CNV carriers, giving a de novo
CNV rate of 4.4%. Of the samples not previously published, six were de novo CNV carriers, giving a comparable de novo CNV rate of 4.1%.

Discussion
In this study, we present observations on de novo CNVs
from the largest published trio-based study of ADHD to
date. The overall mutation rate for de novo CNV carriers
was 4.6%, which is a similar rate to that observed for two
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other DSM-5 childhood neurodevelopmental disorders:
ASD and Tourette disorder13,14, and somewhat higher
than observed for schizophrenia7. Notably, the rate we
observed is substantially higher than that which has been
reported for controls24 and the previous and only triobased study of ADHD that observed an overall rate of
1.7%16. Aside from the lower power of this previous,
smaller study, one potential explanation for the difference
is that, unlike Lionel and colleagues16, we did not exclude
those with an IQ < 70. However, in the current study, only
three of the 13 individuals who were carrying de novo
CNVs had an estimated IQ < 70, with one further individual who had missing IQ data. The de novo CNV rate in
children with ADHD without ID (IQ > 70) was 3.5% in our
study, compared to the 1.7% rate previously observed16.
The identiﬁed CNVs affected a total of 262 genes. None
of the genes spanned by the de novo CNVs have been
highlighted by the only large exome sequencing study of
ADHD to date3 or implicated in ADHD based on a recent,
large case–control GWAS2. However, several of the CNVs
have been implicated by previously published ADHD
case–control CNV association studies (which will include
inherited and de novo CNVs); these include the robustly
implicated 16p13.11 duplication and the 22q11.2 duplication4–6.
The overlap of de novo CNV loci in the regions
15q13.1–13.2, 16p13.11, 16p12.2 and 22q11.21 with loci
previously implicated in ASD, DD/ID, Tourette disorder
and schizophrenia is consistent with the notion that
neuropsychiatric CNVs often have associations with a
broad range of neurodevelopmental and psychiatric phenotypes27. Similar ﬁndings have emerged from a
sequencing study of ADHD, which highlighted strong
overlap in the genes implicated in ADHD and ASD3,
whereas GWAS demonstrate a moderate (rg = 0.36)
genetic correlation between ADHD and ASD28, and a
previous CNV study suggested that the same biological
pathways are impacted by CNVs in ADHD and ASD29.
Our study adds to the growing body of literature supporting the relatively recent reconceptualization of
ADHD as a neurodevelopmental disorder, as evidenced by
its DSM-5 deﬁnition.
However although there is overlap in implicated CNV
regions (see Table 2), the type of CNV is usually but not
always the same. In particular, we observed a de novo
22q11 duplication and although such duplications have
been observed to be associated with risk of other neurodevelopmental disorders, they are protective for schizophrenia22, whereas deletions at this locus (not observed
here) are associated with schizophrenia as well as other
neurodevelopmental impairments21.
One potential limitation of the study is that the proband
DNA was more likely to come from saliva than blood
(68.6% samples), whereas the parental DNA samples were
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CNV

CNV locus previously implicated in
ADHD or another disorder
ADHD

TUBA3FP, P2RX6, SLC7A4, P2RX6P, LOC400891, BCRP2

TMEM191A, PI4KA, SERPIND1, SNAP29, CRKL, AIFM3, LZTR1, THAP7, THAP7-AS1,

TMEM191B, PI4KAP1, RIMBP3, ZNF74, SCARF2, KLHL22, MED15, POM121L4P,

C22orf25, MIR185, DGCR8, MIR3618, MIR1306, TRMT2A, RANBP1, ZDHHC8,
LOC388849, LOC284865, LOC150197, RTN4R, MIR1286, DGCR6L, LOC729444,
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Table 2 Identiﬁed de novo CNV regions that have
previously been robustly implicated in ADHD and other
neurodevelopmental disorders.

ASD

DD/ID

SCZ

DEL/

DUP

15:28962131–30369914 (DUP)

TD
DUP

16:15493046–16251647 (DUP) DUP

DUP
16:21966869–22392905 (DEL)

DEL

DEL

22:18892575–21460220 (DUP) DEL/DUP DEL/

DEL/

DEL

DUP

DUP

DUP

ASD autism spectrum disorder, DD/ID developmental delay/intellectual disability, SCZ schizophrenia, TD Tourette disorder.

All coordinates are genome build hg19.
* These two CNVs were located in the same individual; DEL deletion, DUP duplication.
** This individual has been independently diagnosed with ring chromosome 15 by a clinical geneticist.
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Table 1 continued

Locus

Type PennCNV score No. of probes Size

No. genes hit Genes
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more likely to come from blood (28.7% samples from
saliva in mothers and 44.2% in fathers). Although the QC
metrics were somewhat poorer for the saliva samples,
given the careful QC protocol and examination of all the
traces (which were deﬁnitive; see Supplement), the rate of
de novo CNVs in this study is unlikely to be overstated.
Collecting blood samples from children with severe neurodevelopmental disorders poses a challenge for genetic
research studies. Furthermore, although the comparison
of the results of this study to previously published studies
is limited by such differences in source of DNA, different
genotyping arrays and variable CNV-calling protocols,
our focus on well-deﬁned large, rare CNV loci is a robust
approach that is unlikely to be biased towards detecting
false positives, but may have resulted in missing valid de
novo CNVs in the sample.
Although ADHD is highly heritable, complex and
polygenic, rare mutation discovery has been slower than
for many other similarly heritable and polygenic disorders
that include DD/ID, schizophrenia, ASD and Tourette
disorder. For example, de novo CNV data are currently
only available for around a total of 500 trios (Lionel and
colleagues16 and the current study) and there have been
no large, trio-based sequencing studies of ADHD. To
identify associated variants, as well as damaging and likely
causal rare mutations, will require very large sample sizes
of ADHD that are not yet globally available.
In summary, we present ﬁndings which suggest that de
novo CNVs likely contribute to ADHD risk and highlight
the need for larger discovery studies for future biological
insights.
Acknowledgements
The authors thank the families who participated in this project, the clinicians
who supported it, the core lab staff in the MRC Centre for Neuropsychiatric
Genetics and Genomics, as well as the National Centre for Mental Health
(https://www.ncmh.info/). The work was supported by funding from the

Martin et al. Translational Psychiatry (2020)10:135

Wellcome Trust (Grants 079711 and 106047), Medical Research Council Centre
(grant no. MR/L010305/1), Health and Care Research Wales (grant number:
514032), Action Medical Research and Baily Thomas.
Author details
1
MRC Centre for Neuropsychiatric Genetics and Genomics, Division of
Psychological Medicine and Clinical Neurosciences, Cardiff University, Cardiff,
UK. 2Neuroscience and Mental Health Research Institute, Division of
Psychological Medicine and Clinical Neurosciences, Cardiff University, Cardiff,
UK. 3Cwm Taf Morgannwg University Health Board Health Board, Wales, UK.
4
School of Psychology, Cardiff University, Cardiff, UK
Conﬂict of interest
Professors O’Donovan and Owen are supported by a collaborative research
grant from Takeda Pharmaceuticals for work on schizophrenia; Takeda
Pharmaceuticals played no part in the conception, design, implementation, or
interpretation of this study. All other authors report no biomedical ﬁnancial
interests or potential conﬂicts of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41398-020-0821-y).
Received: 8 January 2020 Revised: 6 April 2020 Accepted: 21 April 2020

References
1. Faraone, S. V. & Larsson, H. Genetics of attention deﬁcit hyperactivity disorder.
Mol. Psychiatry 24, 562–575 (2018).
2. Demontis, D. et al. Discovery of the ﬁrst genome-wide signiﬁcant risk loci for
attention deﬁcit/hyperactivity disorder. Nat. Genet. 51, 63–75 (2019).
3. Satterstrom, F. K. et al. Autism spectrum disorder and attention deﬁcit
hyperactivity disorder have a similar burden of rare protein-truncating variants.
Nat. Neurosci. 22, 1961–1965 (2019).
4. Williams, N. M. et al. Rare chromosomal deletions and duplications in
attention-deﬁcit hyperactivity disorder: a genome-wide analysis. Lancet 376,
1401–1408 (2010).
5. Williams, N. M. et al. Genome-wide analysis of copy number variants in
attention deﬁcit hyperactivity disorder: the role of rare variants and duplications at 15q13. 3. Am. J. Psychiatry 169, 195–204 (2012).
6. Gudmundsson, O. O. et al. Attention-deﬁcit hyperactivity disorder shares copy
number variant risk with schizophrenia and autism spectrum disorder. Transl.
Psychiatry 9, 258 (2019).
7. Kirov, G. et al. De novo CNV analysis implicates speciﬁc abnormalities of
postsynaptic signalling complexes in the pathogenesis of schizophrenia. Mol.
Psychiatry 17, 142–153 (2012).

Page 6 of 6

8. Sanders, S. J. et al. Insights into autism spectrum disorder genomic architecture and biology from 71 risk loci. Neuron 87, 1215–1233 (2015).
9. Study, D. D. D. et al. Prevalence and architecture of de novo mutations in
developmental disorders. Nature 542, 433–438 (2017).
10. Willsey, A. J. et al. De novo coding variants are strongly associated with
tourette disorder. Neuron 94, 486–499.e9 (2017).
11. Huang, A. Y. et al. Rare copy number variants in NRXN1 and CNTN6 increase
risk for tourette syndrome. Neuron 94, 1101–1111.e7 (2017).
12. Fromer, M. et al. De novo mutations in schizophrenia implicate synaptic
networks. Nature 506, 179–184 (2014).
13. Chaste, P., Roeder, K. & Devlin, B. The yin and yang of autism genetics: how
rare de novo and common variations affect liability. Annu. Rev. Genomics Hum.
Genet. 18, 167–187 (2017).
14. Wang, S. et al. De novo sequence and copy number variants are strongly
associated with tourette disorder and implicate cell polarity in pathogenesis.
Cell Rep. 24, 3441–3454.e12 (2018).
15. Vissers, L. E. L. M., Gilissen, C. & Veltman, J. A. Genetic studies in intellectual
disability and related disorders. Nat. Rev. Genet. 17, 9–18 (2016).
16. Lionel, A. C. et al. Rare copy number variation discovery and cross-disorder
comparisons identify risk genes for ADHD. Sci. Transl. Med. 3, 95ra75 (2011).
17. Angold, A. & Costello, E. J. The Child and Adolescent Psychiatric Assessment
(CAPA). J. Am. Acad. Child Adolesc. Psychiatry 39, 39–48 (2000).
18. Wechsler, D. Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV)
administration and scoring manual. (The Psychological Association, 2003).
19. Wang, K. et al. PennCNV: an integrated hidden Markov model designed for
high-resolution copy number variation detection in whole-genome SNP
genotyping data. Genome Res. 17, 1665–1674 (2007).
20. Coe, B. P. et al. Reﬁning analyses of copy number variation identiﬁes
speciﬁc genes associated with developmental delay. Nat. Genet. 46,
1063–1071 (2014).
21. Marshall, C. R. et al. Contribution of copy number variants to schizophrenia
from a genome-wide study of 41,321 subjects. Nat. Genet. 49, 27–35 (2016).
22. Rees, E. et al. Analysis of intellectual disability copy number variants for
association with schizophrenia. JAMA Psychiatry 73, 963 (2016).
23. Satterstrom, F. K. et al. Large-scale exome sequencing study implicates both
developmental and functional changes in the neurobiology of autism. bioRxiv
484113, https://doi.org/10.1101/484113 (2019).
24. Barone, J. et al. The rate of de novo CNVs in healthy controls. bioRxiv 857797,
https://doi.org/10.1101/857797 (2019).
25. Rees, E. et al. Analysis of copy number variations at 15 schizophreniaassociated loci. Br. J. Psychiatry 204, 108–114 (2014).
26. Kirov, G. et al. Comparative genome hybridization suggests a role for NRXN1
and APBA2 in schizophrenia. Hum. Mol. Genet. 17, 458–465 (2008).
27. Chawner, S. J. R. A. et al. Genotype–phenotype associations in children
with copy number variants associated with high neuropsychiatric risk in
the UK (IMAGINE-ID): a case-control cohort study. Lancet Psychiatry 6,
493–505 (2019).
28. Grove, J. et al. Identiﬁcation of common genetic risk variants for autism
spectrum disorder. Nat. Genet. 51, 431–444 (2019).
29. Martin, J. et al. Biological overlap of attention-deﬁcit/hyperactivity disorder and
autism spectrum disorder: evidence from copy number variants. J. Am. Acad.
Child Adolesc. Psychiatry 53, 761–70.e26 (2014).

