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Outline

• The role of common genetic variants in ADHD
• The role of rare genetic variants in ADHD
• Genetic heterogeneity among ADHD subgroups
• Polygenic architecture of childhood maltreatment across psychiatric 

disorders



ADHD

Impulsivity
lack of patience, behave 
without prior reflection, 

difficulties in resisting 
temptation

Inattention
lack of focus, 

cannot concentrate,
forgetful,

difficulties planning

Hyperactivity

Restless,
constantly moving,

very talkative

ADHD – core symptoms
Attention-deficit hyperactivity disorder (ADHD) is a common childhood 

neurodevelopmental disorder affecting 5% of children and around 2.5% of adults 



ADHD is strongly influenced by genetics 

- the twin heritability has been estimated to 0.74 

(Faraone and Larsson Molecular Psychiatry 2019)



From DNA to protein

An example of a genetic variant 
(Single nucleotide polymorphism (SNP) 
enkelt base substitution)



Genetic variants involved in ADHD

Common genetic variants 
(variants with small effect on disease) 

Genome-wide 
association studies 
(GWAS)

+
Rare genetic variants
(variants with larger effect on disease) 

Whole-exome/genome
 sequencing
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De novo mutations
(variants with larger effect on disease) 

Whole-exome/genome
 sequencing



• Nationwide population-
based case-cohort with 
genetic information on 
140,000 individuals

• Includes practically all 
born in Denmark from 
1981-2008 that are 
diagnosed with at least 
one of 6 major 
psychiatric disorders

• 50,000 controls

iPSYCH
Lundbeck Foundation Initiative for Integrative Psychiatric Research

Biological samples from individuals in the iPSYCH cohorts 
were obtained from the Newborn Screening Biobank at 
Statens Serum Institute

iPSYCH Pis: Anders Børglum, 
Ole Mors, David Hougaard, 
Preben Bo Mortensen, 
Merete Nordentoft, Thomas 
Werge



The role of common genetic variants in ADHD

Common genetic variants 
(variants with small effect on disease) 

Genome-wide 
association studies 
(GWAS)

+
Rare genetic variants
(variants with larger effect on disease) 
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How do we find common genetic variants involveret i ADHD?

Genome-wide associations study (GWAS) 

Genome-wide screening of around 8 million variants in thousands of individuals 

ADHD

Individuals without ADHD

Indentify variants that are seen more often in individuals 
with ADHD compared to thoses without



12 genome-wide significant loci
20,183 individuals with ADHD and 35,191 controls, 

~8 million genetic variants Demontis et al. Nature Genetics 2019

GWAS meta-analysis ADHD 

P=5x10-8

ADHD working group of the Psychiatric Genomics Consortium



New ADHD GWAS meta-analysis

iPSYCH1
14,584 ADHD cases, 

22,492 controls

iPSYCH 2
7,880 ADHD cases 

14,770 controls

Total iPSYCH1+2
22,464 ADHD cases

37,262 controls

+ 

deCODE Genetics
8,281 cases 

137,993 controls

PGC
4,515 cases, 

11,702 controls+ =
Total

38,691 ADHD cases
186,843 controls

Bragi 
Walters

Raymond 
Walters



GWAS meta-analysis of ADHD

Manhattan−Plot
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27 independent genome-wide significant loci
38,691 ADHD cases; 186,843 controls

FOXP1

FOXP2

SORCS3

Demontis et al. Nature Genetics, 2023



Known locus – FOXP2 on chr 7

rs6671810; OR=1.07; P=4.37x10-11

New locus – FOXP1 on chr 3

rs17718444; OR=1.06; P=2.87x10-9

String: protein-protein 
interaction network of 
FOXP1

ADHD risk loci

Demontis et al. (Nature Genetics, Jan 2023)
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ADHD genetic risk variants

What have our analyses revealed about genes involved in ADHD? 

• ADHD risk genes have high expression 
in almost all brain regions

Demontis et al. Nature Genetics, 2023
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Tissue specific gene expression 
data from GETx 
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ADHD genetic risk variants

What have our analyses revealed about genes involved in ADHD ? 

• ADHD risk genes have high expression 
in almost all brain regions

• ADHD risk genes 
enriched among genes 
expressed in early brain 
development

       (19th postconceptional week)

Demontis et al. Nature Genetics, 2023



Demontis et al. Nature Genetics, 2023

• ADHD risk genes enriched 
among genes expressed in 
early brain development

       (19th postconceptional week)

Brain developmental stages (BrainSpan data) 
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ADHD genetic risk variants

What have our analyses revealed about genes involved in ADHD? 

• ADHD risk genes have high expression 
in almost all brain regions

• ADHD risk genes 
enriched among genes 
expressed in early brain 
development

       (19th postconceptional week)

• ADHD risk variants enriched in 
genomic regions effecting genes 
with expression in neuronal cell 
types.

Demontis et al. Nature Genetics, 2023



• ADHD risk variants enriched in 
regulatory regions effecting genes 
with expression in neuronal cell 
types.

Enrichment in the SNP-heritability of risk 
variants in cell-specific regulatory regions
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ADHD genetic risk variants

What have our analyses revealed about genes involved in ADHD? 

• ADHD risk genes have high expression 
in almost all brain regions

• ADHD risk genes 
enriched among genes 
expressed in early brain 
development

       (19th postconceptional week)

**

• ADHD risk genes have significant 
increased expression in 
dopaminergic neurons

• ADHD risk variants enriched in 
genomic regions effecting genes 
with expression in neuronal cell 
types.

Demontis et al. Nature Genetics, 2023



• ADHD risk genes have significant 
increased expression in 
dopaminergic neurons

Association of ADHD risk genes with cell-type specific 
gene expression

**

Dopaminergic neurons

scRNA-sequencing data from La Manno et al. Cell 2016
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What have our analyses revealed about genes involved in ADHD ? 

• ADHD risk genes have high expression 
in almost all brain regions

• ADHD risk genes 
enriched among genes 
expressed in early brain 
development

       (19th postconceptional week)

**

• ADHD risk genes have significant 
increased expression in 
dopaminergic neurons

• ADHD risk variants enriched in 
genomic regions effecting genes 
with expression in neuronal cell 
types.

Demontis et al. Nature Genetics, 2023



Genetic overlap of ADHD with ADHD symptoms in the population

ADHD

Demontis et al. 2019, Nature Genetics

Genetics (e.g. number of “impulsivity” variants) + environment

Genetic correlation of diagnosed 
ADHD with ADHD symptoms in the 
general population = 0.97 
(Demontis & Walters, Nature Genetics 2019)



Genetic overlap of ADHD 
with other phenotypes

Genetic correlation (rg) of ADHD with 
other phenotypes

*rg = the proportion of variance 
that two traits share due to genetic 
causes

Demontis and Walters, Nature Genetics, 2019

Cognition, IQ 
and education

Weight, BMI 
and obesity

Smoking

Reproduction



• Around 7,300 common variants 
influence ADHD

Number of common ADHD risk variants

Trine Tollerup Nielsen

MiXeR (Frei et al. Nat. Com. 2019) uses bivariate 
mixture modelling to estimate total number 
of common variants that influence ADHD:

Demontis et al. Nature Genetics,  2023

ADHD & Autism ADHD & Depression ADHD & Shcizophrenia

ADHD & Educational attainment

… and number of ADHD specific 
variants and variants shared with other 
disorders/phenotypes:

75% shared 
and concordant

77% shared 
and concordant

59% shared 
and concordant

21% shared 
and concordant



Association of ADHD-polygenic score with measures of cognition 

Association of ADHD-PGS with 
measures of cognitive abilities in the 
Philadelphia neurodevelopmental 
cohort (N=4,973). 

Beta values (and standard errors) 
from linear regression.

Karen TherrienPanos Roussos

Demontis et al. Nature Genetics, 2023

Computerized Neurocognitive Battery measures



Polygenic score (PGS) – the principle

High number of common risk 
variants in the genome

Low number of common risk 
variants in the genome
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(not only those that are 
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Count number of risk 
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Genome-wide association study of 
phenotype of interest (e.g. ADHD)



Association of ADHD-polygenic score with measures of cognition 

Association of ADHD-PGS with 
measures of cognitive abilities in the 
Philadelphia neurodevelopmental 
cohort (N=4,973). 

Beta values (and standard errors) 
from linear regression.

Karen TherrienPanos Roussos

Wide Range Achievement Test 

Demontis et al. Nature Genetics, 2023

Attention

Working memory

Computerized Neurocognitive Battery measures



Summary – common and rare variants

• Common variants explains around 14-22% of the risk for ADHD and 
involves variants that affect genes with high expression in brain, in 
early brain development and in neurons
• Large genetic overlap with other psychiatric disorders and cognition 

related phenotypes



Outline

• The role of common genetic variants in ADHD
• The role of rare genetic variants in ADHD
• Genetic heterogeneity among ADHD subgroups
• Polygenic architecture of childhood maltreatment across psychiatric 

disorders



Definition of ADHD-sub groups in iPSYCH

18 years of age

Late-diagnosed ADHD, N=6,961

Childhood ADHD, N= 14,878

Persistent ADHD, N=1,473

Cases = 23,312
Controls = 38,303

Rajagopal et al. Nature Genetics, 2022 Veera Manikandan Rajagopal



SNP-heritability estimates

H2 Prevalence

Childhood 0.24 0.05

Late diagnosed 0.27 0.03

Persistent 0.29 0.03

Childhood Late diagnosed

Childhood x

Late diagnosed 0.64 (0.03) x

Persistent 0.82 (0.08) 0.77 (0.08)

GCTA estimate, nonoverlapping controls

Genetic correlations

GCTA estimates, same controls

SNP-heritability and genetic correlations

Rajagopal et al. Nature Genetics, 2022



Reference

P = 0.0003 P = 0.02

ADHD polygenic risk score analysis 

Beta from multiple regression benchmarked against the controls group.

Rajagopal et al. Nature Genetics, 2022



Inattention

Hyperactivity

00.20.40.60.811.2

Genetic correlation

P=0.004

P=0.02

Genetic correlations of ADHD sub-groups
with ADHD symptoms

GWAS meta-analysis of ADHD symptoms in 
the general population (N=37,000) Zayats et 
al. (unpublished)

• Late diagnosed
• Persistent
• Childhood

Rajagopal et al. Nature Genetics, 2022



Prevalence of comorbid conditions

Comorbid Psych Controls Childhood ADHD Late-diagnosed ADHD Persistent ADHD
Autism spectrum disorder Frq 443 (1.1%) 3466 (23.3%) 435 (6.2%) 267 (18.1%)

Pvalue REF 0 4.3E-176 0
Schizophrenia Frq 171 (0.4%) 104 (0.7%) 410 (5.9%) 73 (4.9%)

Pvalue REF 0.0003 1.3E-300 2.7E-103
Bipolar disorder Frq 85 (0.2%) 36 (0.2%) 325 (4.6%) 43 (2.9%)

Pvalue REF 0.73 4.1E-283 4E-70
Major depressive disorder Frq 860 (2.2%) 581 (3.9%) 1909 (27.42%) 292 (19.8%)

Pvalue REF 4.9E-26 0 0
Cannabis use diorder Frq 239 (0.62%) 374 (2.5%) 1313 (18.8%) 255 (17.31%)

P value REF 1E-74 0 0
Alcohol use disorder Frq 104 (0.27%) 45 (0.3%) 447 (6.4%) 53 (3.5%)

P value REF 0.6 0 5E-87
Obssessive complusive disorder Frq 234 (0.61%) 483 (3.2%) 363 (5.2%) 95 (6.4%)

P value REF 2.4E-123 7.1E-210 1.17E-128

Rajagopal et al. Nature Genetics, 2022



*indicate significant 
genetic corelation 
between childhood ADHD 
and late diagnosed ADHD

Genetic overlap of ADHD-subgroups with other phenotypes

Rajagopal et al. Nature Genetics, 2022



Rare variant analysis

Whole exome sequencing data:
Childhood, N=4,987
Persistent, N=748 
Late-diagnosed, N=1,915
Controls, N=8,649

Rare variants = allele count < 
5 in iPSYCH+gnomAD (non-
Finish Europeans  from the 
nonpsychiatric exome subset 
of gnomAD)

Highly constrained
(pLI > 0.90; N=3488)

Low constrained 
(pLI < 0.10; N=9662)

Results from multiple logistic regression

*****

Significant enrichment in rPTVs in childhood and persistent ADHD in highly 
constrained genes compared to controls

(Pchildhood_ADHD=2.41x10-11, Ppersistent_ADHD = 1.90x10-3)

Rare protein truncating variants Rare synonymous variants

Rajagopal et al. Nature Genetics, 2022



Summary - genetic heterogeneity within ADHD

• Late-diagnosed ADHD has larger genetic overlap with depression and alcohol 
use disorder than childhood diagnosed ADHD

• Childhood diagnosed ADHD has higher genetic overlap with autism

• Late diagnosed ADHD is less enriched in variants associated with impulsivity 
and inattention and less burdend with rPTVs compared to the other two 
groups.
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