
Advances in ADHD genetics and 
genome sequencing technology

Daniel Howrigan, PhD
Senior Group Leader - Neale lab



Today’s presentation

Part 1: Advances in ADHD genetics from PGC to iPSYCH

Part 2: Development of the Blended Genome Exome sequencing technology



About me
● Grew up in Southern California
● BA in Anthropology at UC Santa Barbara, California
● PhD in Psychology in Boulder, Colorado
● Past 13 years in Boston, Massachusetts

○ 4 years as a Postdoc in the Neale lab
○ 9 years as a Group Leader in the Neale lab

Winter surfing in Cape Cod, MA





Part 1: Back in 2010…



Back in 2010…

…..











● 38.7k cases
● 184k controls
● 27 GWAS sig. loci

● 20.2k cases
● 35k controls
● 12 GWAS sig. loci



From 2010 to 2025…

























What about rare variants and ADHD?

● 8.9k cases
● 54k controls
● 3 exome-wide 

sig. genes



r = “rare”
PTV = Protein-truncating variant
DMV = Damaging Missense Variant
SYN = Synonymous Variant
ID = Intellectual Disability
pLI = probability of Loss-Of-Function Intolerance

ADHD cases enriched for rare damaging coding variants



Three ADHD risk genes reaching exome-wide significance  

p = 3.1e-6

16,297 genes tested



Rare variants of large effect explain a much smaller 
fraction of ADHD liability than common variants 

Compare to 14% (s.e.=1%) for 
h2 SNP from GWAS
(Demontis et al., 2023)



We have learned a lot in 15 years of ADHD genetics

● ADHD risk gene discovery is alive and well for both common and rare variants
● Genetics is helping to disentangle the relationship between ADHD 

epidemiology and other behavioral and cognitive phenotypes
● Many areas for further discovery and refinement

○ Still early days for exome sequencing
○ Need more extensive phenotyping / recontacting of future cohorts
○ Integration with other omics technologies
○ Expanding the success of GWAS / RVAS outside of predominantly European cohorts



Part2:
DNA sequencing with the Blended Genome 

Exome (BGE)



1. Motivation for developing the Blended Genome Exome protocol

2. Technical Development of BGE

3. Scaling and evaluation of BGE in a large multi-ancestry cohort 

4. Current BGE projects and resources



Motivation

● Prior to BGE, the main product was an exome + genotyping array 
as separate products

● The main genotyping array used was the Global Screening Array 
(GSA) 

GSA array

Exome Genotyping Array



The diversity problem in the Global Screening Array 
Figure from Martin et al., AJHG 2021



Motivation

● Alternatives to the exome + array strategy

1. Sequence array SNPs with additional capture probes 
(Genotyping-by-sequencing)

2. Generate low pass whole genome sequencing (WGS) in the 
same sequence run

3. Deep WGS ($$$)



Option 1 does exist…



https://broadclinicallabs.org/clinical-blended-genome-exome-sequencing/

https://broadclinicallabs.org/clinical-blended-genome-exome-sequencing/


Technical Development of BGE



Low pass WGS library Exome capture library













What is BGE again?
33% exome

67% genome

Fragmented Blood/saliva DNA

Sequenced reads 
after blending



What is BGE again?

25-40x whole exome

1-4x whole genome

33% exome

67% genome



Mean coverage distributions

Figure from Julia Sealock



What is BGE again?

25-40x whole exome

1-4x whole genome

90% of exome at 10x

At least 45% of reads

33% exome

67% genome





● Application to 50k samples

● Verification of rare SNV, SV, and 
common SNP capture

Scaling and evaluation of BGE in a large multi-ancestry cohort 



PUMAS = Populations Underrepresented in Mental illness Association Studies

Cohort name and location # Total Pre-QC # Total Post-QC

NeuroGAP AddisEthiopia 11,715 11,027

NeuroGAP KEMRIKenya 3,078 2,889

NeuroGAP MoiKenya 5,040 4,716

NeuroGAP CapeTownSA 8,747 5,779

NeuroGAP MakerereUganda 11,306 10,727

Paisa Colombia 9,007 8,200

GPC USA 4,553 3,926

Total 53,446 47,264





Concordance against deep whole genome sequencing (SFARI = 400 samples)

Structural variation in the exome capture using GATK-gCNV



Structural variation in the exome capture using GATK-gCNV

Evaluation of PUMAS SV calls against gnomAD v4



Imputation evaluation in PUMAS cohort

● Evaluated against GSA array genotypes instead of 30x WGS

 Dataset N samples with BGE 
and GSA data 

NeuroGAP - AddisEthiopia 158

NeuroGAP - KEMRIKenya 183

NeuroGAP - MoiKenya 157

NeuroGAP - CapeTown South 
Africa

162

NeuroGAP - Makerere Uganda 178

Paisa - Colombia 1,191

GPC - USA 3,932

QIMR - AGBP 3,664

QIMR - QSkin 3,545

Cohort Sample Size Cost Cost Per 
Sample

NeuroGAP 35,279 $12,763.23 0.361

Paisa 8,317 $3,025.45 0.363

GPC 3,967 $1,406.46 0.354

QIMR 7,499 $2,732.96 0.364

Total 55,062 $19,928.10 0.361



GLIMPSE2

Website:
https://odelaneau.github.io/GLIMPSE/

Preprint:

https://www.biorxiv.org/content/10.1101/2
022.11.28.518213v1.full.pdf

https://odelaneau.github.io/GLIMPSE/
https://www.biorxiv.org/content/10.1101/2022.11.28.518213v1.full.pdf
https://www.biorxiv.org/content/10.1101/2022.11.28.518213v1.full.pdf




GLIMPSE2 features





Using SGDP (Simons Genome Diversity Project) to evaluate imputation accuracy in diverse genomes

NRD = Non-Reference Discordance

Red dots = UKB ref panel worked best

Blue dots = KGP ref panel worked 
best

Deeper color = larger difference 
between reference sample accuracy

Note: 
1KG = KGP = 1000 genomes



Imputation with

WGS reference panel
● Hg38 1KG+HDGP (4.1k samples)
● Indels, singleton + doubleton SNPs removed
● 67 million SNPs imputed 

Imputation QC
● INFO score > 0.8
● Genotype posterior (GP) = 1

Results largely consistent with pilot samples

Concordance with GSA array genotypes



Non-reference concordance across coding / non-coding SNPs

Coding SNPs Non-coding SNPs



How well can we call structural variants (SVs) in the BGE low pass genome?

PPV = positive predictive value, or 
“what proportion of these called SVs 
are seen in the 30x genomes?”

Recall = “How much of the 30x 
genome SV calls did we capture”



SCHEMA 2
59k SCZ

BipEx 2
45k BPD

NeuroGAP GWAS
11k SCZ
6k BPD

Current BGE projects 
and resources



Ongoing BGE sample collections
PUMAS

Total = 140k

A-BIG-NET
Total = 43K

BioX
Total = 30K

NeuroMEX
Total = 6.5K

QIMR
Total = 8.3K

MGBB
Total = 4.8K

FINBB
Total = 12.6K

KFF
Total = 10K

IBD
Total = 10K

265K samples



Running GLIMPSE via Terra Workflows

https://app.terra.bio/#workspaces/broad-firecloud-dsde-methods/Glimpse2Imputati
onDemo

https://app.terra.bio/#workspaces/broad-firecloud-dsde-methods/Glimpse2ImputationDemo
https://app.terra.bio/#workspaces/broad-firecloud-dsde-methods/Glimpse2ImputationDemo


Bigger reference panel in the works!

https://allofus-anvil-imputation.terra.bio/

https://allofus-anvil-imputation.terra.bio/


BGE toolkit (in the works!)

https://atgu.github.io/bge-toolkit/index.html

Jackie 
Goldstein

BGE pipeline

https://atgu.github.io/bge-toolkit/index.html


Thanks everyone!

PUMAS Phenotypes
Reference panel

BipEx + SV QC 
pipeline

Pipeline Ops

BioX
analyst

NeuroGAP 
analysts

SCHEMA 
analyst

BipEx analyst

IBD analyst
Pipeline Ops

Christiana Liu
BGE pipeline

Jackie 
Goldstein

BGE pipeline


