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Abstract 

Background The Eating Disorders Genetics Initiative 2 (EDGI2) is designed to explore the role of genes and envi-
ronment in anorexia nervosa, bulimia nervosa, binge-eating disorder, and avoidant/restrictive food intake disorder 
(ARFID) with a focus on broad population representation and severe and/or longstanding illness.

Methods A total of 20,000 new participants (18,700 cases and 1,300 controls) will be ascertained from the United 
States (US), Mexico (MX), Australia (AU), Aotearoa New Zealand (NZ), Sweden (SE), and Denmark (DK). Comprehensive 
phenotyping and genotyping will be performed for participants in US, MX, AU, NZ, and SE using the EDGI2 question-
naire battery and participant saliva samples. In DK, case identification and genotyping will be through the National 
Patient Register and bloodspots archived near birth. Case–control and case-case genome-wide association stud-
ies will be conducted within EDGI2 and enhanced via meta-analysis with external data from the Eating Disorders 
Working Group of the Psychiatric Genomics Consortium (PGC-ED). Additional analyses will explore genetic correla-
tions between eating disorders (EDs) and other psychiatric and metabolic traits, calculate polygenic risk scores (PRS), 
and leverage functional biology to evaluate clinical outcomes. Moreover, analyzing PRS for patient stratification 
and linking identified risk loci to clinically relevant phenotypes highlight the potential of EDGI2 for clinical translation.
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Discussion EDGI2 is a global expansion of the EDGI study to increase sample size, increase participant represen-
tation across multiple ancestral backgrounds, and to include ARFID. ED genetics research has historically lagged 
behind other psychiatric disorders, and EDGI2 is designed to rapidly advance the study of the genetics of the major 
EDs. Exploring EDs at both the diagnostic level and the symptom level will provide an unprecedented look 
at the genetic architecture underlying EDs.

Trial registration EDGI2 is a registered clinical trial: clinicaltrials.gov NCT06594913. https:// clini caltr ials. gov/ study/ 
NCT06 594913 (posted September 19, 2024).

Keywords Anorexia nervosa, Bulimia nervosa, Binge-eating disorder, Avoidant/restrictive food intake disorder, 
Genome-wide association, Psychiatric genetics

Background
We describe the Eating Disorders Genetics Initiative 
2 (EDGI2), a multi-national study designed to expand 
genomic discovery across four major eating disorders 
(EDs) (including AN [anorexia nervosa], BN [bulimia 
nervosa], BED [binge-eating disorder], and ARFID 
[avoidant/restrictive food intake disorder]). EDGI2 
expands the work of EDGI [1] and the Eating Disor-
ders Working Group of the Psychiatric Genomics 
Consortium (PGC-ED), and previous investigations 
including the Anorexia Nervosa Genetics Initiative 
(ANGI) [2] that identified eight significant loci associ-
ated with AN and intriguing genetic correlations (rg) 
with both psychiatric and metabolic/anthropometric 
traits, strongly suggesting that AN is a metabo-psy-
chiatric disorder [3]. A genome-wide association study 
(GWAS) on binge-eating behavior suggested similar 
psychiatric genetic correlations as AN but divergent 
direction of metabolic/anthropometric genetic corre-
lations [4]. EDGI2 expansion emphasizes recruitment 
of a broader range of people with EDs and a particular 
focus on people with longstanding and/or severe forms 
of the illnesses whose genomes may be enriched for 
causal variants.

Methods
Study aims
Aim 1: Extend EDGI core business by increasing sample size, 
populations, and ED phenotypes
We will ascertain, phenotype, and collect biosam-
ples from ~ 20,000 people with AN, BN, BED, and/
or ARFID (i.e., cases) and controls, increasing the 
total meta-analysis sample size to ~ 80,000 cases and 
~ 730,000 controls. Collaboration with relevant groups 
will help attain the goal of enrolling 30% of cases from 
groups that have been less represented in previous ED 
research. EDGI2 also focuses on enrolling people with 
severe and/or longstanding AN, as their DNA may 
reflect higher genetic burden.

Aim 2: Apply statistical genetic analyses to better understand 
the heterogeneity and underlying biology of EDs
A multistage approach will implement a state-of-the-
science pipeline for ED genomics. Primary analyses will 
include a GWAS of diagnoses, component behaviors, 
and dimensional traits, followed by case-case compari-
son, SNP-heritability (SNP-h2), genetic correlations (rg), 
polygenic risk scores (PRS), rare copy number variant 
(CNV) analyses, and bioinformatic integration for mean-
ingful translation of GWAS results. Detailed phenotypes 
and PRS will be used for patient stratification, comparing 
standard diagnostic approaches with a novel, data-driven 
taxonomy of EDs. Finally, we will evaluate the hypothesis 
that AN is a "metabo-psychiatric disorder" by clarifying 
its relationship with metabolic and anthropometric traits 
through linkage disequilibrium score regression (LDSC), 
pathway-based PRS analysis (PRSet), phenome wide 
association study (PheWAS), Mendelian randomization 
(MR), and other emerging methods.

Aim 3: Evaluate genetic and environmental risk and resilience 
factors to inform risk prediction
Genetic or molecular groupings and patterns across 
cases and controls will be investigated through pheno-
typically characterizing individuals in the highest and 
lowest deciles of PRS based on clinical and phenotypic 
outcomes, and by genetically characterizing the top and 
bottom deciles of clinical severity across various PRS and 
PRS pathways. We will compare high-PRS cases with 
high-PRS controls to identify potentially protective envi-
ronmental and genetic factors.

Aim 4: Determine where in the body EDs “live.”
First, the "Gwas2cells" method will be used to iden-
tify brain cell types and anatomical regions implicated 
by genomic studies of EDs, and these findings will be 
contrasted with those for psychiatric disorders, neuro-
logical diseases, metabolic diseases, and brain-related 
traits. We will then identify gene-tissue associations 

https://clinicaltrials.gov/study/NCT06594913
https://clinicaltrials.gov/study/NCT06594913
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across disease-relevant tissues and cell types, and lev-
erage single-nucleus RNA sequencing (snRNA-seq) 
atlases to pinpoint brain cell types strongly implicated 
in the genomics of each ED and predict genetically regu-
lated gene expression (GREx) in ED-relevant tissues and 
cells. Dynamic GREx will model gene expression in ED-
relevant contexts, such as sex, body mass index (BMI),1 
or stress, enabling precise and personalized modeling of 
gene expression changes under hypothetical scenarios 
like weight gain/loss, stressful life events, or depression.

Aim 5: Translational Summit
A Translational Summit in the final year will include 
leaders from genomics, neuroscience, interventional psy-
chiatry, pharma, treatment, and community stakehold-
ers. The summit will focus on strategies for optimizing 
and channeling the results of the study into a transla-
tional roadmap aimed at enhancing the prevention and 
treatment of EDs.

Participants
EDGI2 will recruit 20,000 participants from the United 
States (US), Mexico (MX), Australia (AU), New Zea-
land (NZ), Sweden (SE), and Denmark (DK); within this 
recruitment target we will enroll ~ 3000 individuals with 
longstanding and/or severe AN. Effort will be made to 
enroll individuals who have been less frequently studied 
including those with varying body sizes and males. The 
minimum adult age for inclusion will vary by country: 16 
in NZ and SE; 18 in US, AU, and MX; and 21 in Puerto 
Rico, with no upper age limit. Child case participants will 
be included for MX (15–17 years of age) and must have 
parent/guardian consent to participate. DK participants 
will all be born in DK between 1981 and 2008.

Inclusion criteria
Case definitions
Participants from US, MX, AU, NZ, and SE will be 
selected based on self-reported lifetime Diagnostic and 
Statistical Manual of Mental Disorders-fifth edition 
(DSM- 5) criteria for AN, BN, BED, and/or ARFID via the 
ED100K.v4 ED online questionnaire, revised from the 
previous version (ED100K.v3) to include ARFID [2]. The 
ARFID portion contains items developed by the study 
team in addition to adapted, lifetime versions of the Nine 

Item ARFID Screen (NIAS) [5] and Pica, ARFID, and 
Rumination Disorder ARFID Questionnaire (PARDI-AR-
Q) [6]. In MX, those recruited through the Comenzar de 
Nuevo clinic will be identified based on clinical diagno-
sis. In DK, cases of AN and BN will be identified using 
International Classification of Diseases – 10 th Revision 
(ICD-10) codes (F50.0, F50.1 for AN; F50.2, F50.3 for 
BN). DK will not include ARFID or BED as no ICD-10 
codes exist for these disorders. SE will link participants 
to diagnostic records from the Swedish National Patient 
Register and Quality Register (Riksät) that have been 
validated through diagnostic interviews with acceptable 
reliability [7].

For US, MX, AU, NZ, and SE, longstanding and/or 
severe AN (restricting or binge/purge AN subtype) will 
be captured by the EDGI2 battery and include AN dura-
tion ≥ 5 years, lowest illness-related BMI ≤ 15, ≥ 3 treat-
ment periods, and above age 20 at enrollment. Severe 
cases with rapid weight loss who attain very low body 
weights will also be included. DK will use the Anorexia 
Nervosa Register-based Severity Index (AN-RSI), which 
creates a systematic and weighted combination of age 
at onset, inpatient treatments, outpatient readmissions, 
treatment length, and illness duration [8]. Modifications 
to the AN-RSI definition may be made based on emerg-
ing research.

Control definitions
In the US, MX, and SE, controls will be selected based on 
the absence of lifetime ED symptoms as determined via 
the ED100K.v4 [2]. Controls must have a minimum life-
time adult BMI ≥ 18.55 and maximum lifetime BMI < 30 
and no history of binge eating, compensatory behaviors, 
use of glucagon-like peptide-1 (GLP-1) receptor agonists, 
or atypical AN. They also cannot report a history of an 
ED in any first-degree relatives. For AU and NZ, controls 
will be selected from healthy donor samples in previously 
collected cohorts. In DK, control inclusion criteria will 
be the absence of lifetime AN, BN, or other ED diagnosis 
based on ICD-10 codes.

Recruitment
EDGI2 recruitment in US, MX, AU, NZ, and SE will be 
multi-faceted, targeting broad populations. Direct case 
recruitment will be conducted from clinics and treatment 
programs actively involved in the study in the US and 
MX. For MX, children/adolescents (15–17 years of age) 
will only be recruited from the study clinic (Comenzar de 
Nuevo). NZ and SE will not perform direct recruitment 
from treatment services; however, clinician networks in 
both public and private treatment services will be invited 
to advertise the study. Coordinated recruitment cam-
paigns will be launched in traditional media, including 

1 BMI is included in this protocol as a widely used measure, we acknowl-
edge its significant limitations and problematic use in the context of EDs. 
BMI was not designed as a health measure and fails to account for critical 
factors such as body composition, metabolic health, and other social and 
cultural factors. Importantly, its reliance as a diagnostic or evaluative tool 
can perpetuate weight stigma and obscure the complexities of EDs. The 
inclusion of BMI here is to align with established research norms while rec-
ognizing its inherent flaws.
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press releases, television, and radio to raise awareness 
about EDGI2. An engaging social media presence will 
be further developed on Facebook, Instagram, Bluesky, 
LinkedIn, Reddit, Snapchat, YouTube, podcasts, and 
emerging platforms to reach people on platforms and 
applications where they are active online. To personalize 
and amplify recruitment efforts, US, AU, NZ, MX, and 
SE will engage in consultation with people familiar with 
EDs and other interested parties (e.g., friends, family, car-
egivers, support providers) to encourage participation as 
cases or controls. Outreach will prioritize spotlighting 
varying body sizes and populations affected by EDs.

Controls for US, MX, and SE will also be recruited 
through the traditional and social media campaigns, and 
through community events and universities. AU and NZ 
will not recruit new controls. DK cases and controls will 
be acquired from the Danish National Health Registry 
of all individuals born in DK between 1981–2008; new 
cases (not captured in EDGI [1] or ANGI [2]) will be 
individuals with first BN and/or AN register diagnoses 
between 2016-present. Each country conducting active 
recruitment will have a unique local EDGI2 website pro-
viding localized information, educational material, and 
resources.

Procedure
Consent and pre‑screen questionnaires
Slight procedural differences exist across countries. In 
general, potential participants are directed through a 
link on their site-specific websites or a QR-code to a pre-
screen capturing basic eligibility information including 
age and other items reflecting inclusion criteria. If they 
meet criteria on the prescreen, they are shown a country-
specific consent. Consent and prescreen questionnaires 
are applied through REDCap in US, MX, AU, and NZ. 
In SE, consent is collected through digital identification 
linked to Swedish national identity numbers. In MX, par-
ent/guardian consent and child assent are required for 
child/adolescent (ages 15–17) participation and are col-
lected in person at the main study clinic and registered 
on REDCap.

NZ has tailored consent and data management proce-
dures for participants identifying as Māori (Indigenous 
People of NZ) and/or Pacific Islands Peoples (Pasifika) 
to align with national guidelines for health research. 
This consent and data management process recognizes 
the interconnectedness of Māori and Pasifika partici-
pants across individuals and across time, while enabling 
participation in this important international research. 
Their phenotypic and genetic data will be shared inter-
nationally under controlled access after approval by a 
NZ specific data access committee. Additional detailed 

information is available by contacting the NZ principal 
investigators.

Self‑report measures
Slight procedural differences exist across participating 
sites. Individuals who complete the prescreen and con-
sent are then presented with the EDGI2 questionnaire 
battery. We describe the specific metrics below in the 
order in which they will be presented (Table 1). 

Screening questionnaire. Participants are first presented 
with the ED100K.v4 questionnaire to determine eligibility 
and case designation [2]. Participants who meet eligibility 
criteria are asked for contact information and sent a unique 
link via email for the core and additional questionnaires. 
Participants can save and exit questionnaires at any time 
and navigate back to the survey as desired. In SE, contact 
information will be given directly after consent.

Core eating disorder questionnaires. The core bat-
tery includes validated questionnaires to measure eating 
behaviors and ED symptomology (Table 1). The question-
naires comprehensively phenotype AN, BN, BED, and 
ARFID, as well as transdiagnostic ED symptoms such as 
weight and shape concern and binge-eating behavior. 
Questions capturing muscle dysmorphia and food insecu-
rity have been added based on community feedback. We 
hope to include atypical AN in the future. Participants in 
US and NZ receive gift card compensation upon complet-
ing all screening and core questionnaires and returning 
their saliva sample; in MX and SE, participants complete 
all questionnaires and provide a sample prior to receiving 
incentives; and incentives are not provided in AU.

Additional Questionnaires. Additional questionnaires 
capture 10 domains across physical health, mental health, 
substance use, treatment experiences and access (adapted 
for each country), exercise, and quality of life (Table  1). 
These additional questionnaires capture critically rele-
vant information that informs a deeper phenotypic analy-
sis, while also maintaining a survey length that does not 
overburden the participant.

Site specific questionnaires
Sweden. The EDGI2 battery has been linguistically 
translated into Swedish and culturally adapted for SE. 
SE-specific questionnaires address the impact of ED on 
social relationships, work, income, and education; par-
ticipants’ perceived reasons for ED development; and 
factors supporting recovery. An additional Substance Use 
Questionnaire captures “snus” use (Swedish oral nicotine 
pouches). In addition to ED-QOL, quality of life is cap-
tured by the EuroQol-5 Dimension 5-level version ques-
tionnaire (EQ- 5D- 5L) [37]. Individuals who score > 3 on 
the AQ questionnaire also complete the Comprehensive 
Autistic Trait Inventory [38].
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Mexico. The EDGI2 battery has been linguistically 
translated into Spanish and culturally adapted for MX. 
Screening questionnaire. This is only used to determine 
eligibility in adults who participate outside of Comenzar 
de Nuevo. All participants complete the Core Question-
naires.  Adult participants complete all additional ques-
tionnaires, including CDE for adults. Participants 15–17 
years complete all additional questionnaires except Self-
Violence and the DUDIT portion of the Substance Use 
questionnaire. They will also complete CDE for youth.

Australia and New Zealand. AU and NZ are adminis-
tering all questionnaires in the EDGI2 battery excluding 
the Self-Violence section of the additional questionnaires. 
NZ and AU have made country-specific and cultural 
adjustments to the Health and Treatment section.

Bio‑sampling
Following completion of the ED100K.v4 and provision 
of contact information, eligible participants are sent a 
saliva sample collection kit via courier or mail (US, AU, 
NZ, SE). This includes a welcome letter, the saliva sample 
collection kit, site-specific instructions, and a pre-paid 
return envelope addressed to the participant’s respec-
tive collection site. For in-patient participants enrolled 
through some independent centers (e.g., ACUTE Center 
for Eating Disorders and Severe Malnutrition, Denver, 
CO and Sanford Health, Fargo, ND) the saliva sample col-
lection kit is given to participants by study staff at these 
sites and mailed directly to the University of North Caro-
lina at Chapel Hill (UNC). For other clinics (e.g., Gaudi-
ani clinic), participants are sent emails about the study, 
receive saliva kits at home, and return them to UNC via 
post. For participants in MX, the saliva sample will be 
collected by research staff at a clinic or community event. 
Samples will be shipped to UNC. Standard DNA extrac-
tion and plating will be conducted at UNC, Queens-
land Berghofer Medical Research Institute (QIMR), and 
Karolinska Institutet (KI). Median DNA yield is 4 μg/ml 
saliva and excess saliva will be stored at − 20 °C. For DK, 
bloodspots linked to the DK national health registries 
will be genotyped by the DK Statens Serum Institut.

NZ has procedures in place for participants who reside in 
NZ and endorse Māori and/or Pasifika ethnicity consistent 
with current New Zealand ethics and best practice guide-
lines for health research. AU will adhere to national stand-
ards for data storage, access, and governance for participants 
from Aboriginal and Torres Strait Islander communities.

Analyses
Using the most comprehensive state-of-the-science 
statistical analysis pipeline at the time of analysis, all 
analyses align into three phases reflecting Aims 2–4: i) 

interrogating heterogeneity and underlying biology of 
EDs, ii) risk prediction and identification of resilience 
and protective factors, and iii) determining where in the 
body EDs “live.” Careful consideration has gone into har-
monizing multi-site cohorts and local ethics restrictions. 
US, MX, AU, and NZ (non-Māori/Pasifika), raw data will 
be stored on the UNC computing cluster “longleaf.” DK, 
SE, and NZ-Māori/Pasifika raw data cannot be shared 
and will be analyzed by respective sites into sharable 
summary statistics.

Statistical Analyses of Heterogeneity and Underlying 
Biology of EDs (Aim 2)
Primary analyses (Aim 2a)

Genotyping, quality control (QC), and Imputation EDs 
will be analyzed separately. Standard genotyping, QC, 
and imputation will be performed for US, MX, AU, and 
NZ. The genotyping array selected will be optimized for 
ancestrally diverse cohorts and downstream imputation 
accuracy. The Rapid Imputation for Consortias Pipe-
line (RICOPILI) [39] PGC GWAS analysis pipeline will 
be implemented and includes four key stages. Following 
best practices for multi-ancestry data [40], samples will 
be divided into ancestry specific cohorts, quality con-
trol and association testing performed, and finally meta-
analyzed. Specifically, PCAiR GENESIS [41] with 1000 
Genomes (1000G) reference panel [42] will be used to 
assign ancestry supergroups, PC-Relate will be used for 
relatedness checking [43], and admixture and ancestry 
assignments will be confirmed using ADMIXTURE [44]. 
Next, for each ancestry-specific cohort, genotype-QC 
will be performed, including estimating missingness, 
sample heterozygosity, sex concordance, Hardy–Wein-
berg equilibrium (HWE), minor allele frequency (MAF), 
batch effects, and cryptic relatedness between samples. 
The third stage will be phasing and imputation via Meta-
imputation [45] using a high-quality, diverse reference 
panel, such as TOPMed [46] and expanded 1000G [47], 
to optimize imputation [48]. The fourth stage will be 
within-ancestry post-imputation QC, where cohorts will 
be filtered for imputation quality, MAF, and batch.

Genotyping, QC, and imputation will be performed in 
parallel at KI for all SE samples using parallel procedures, 
with minor variations as required. All DK samples will 
be genotyped by the DK Statens Serum Institut based on 
whole-genome-amplified DNA (in triplicate) and SNP 
array genotypes. QC and imputation will be performed in 
parallel at the Aarhus site. For NZ, Māori and Pasifika sam-
ples will be genotyped within NZ, with data QC and impu-
tation also performed locally using parallel procedures, to 
honor sample and data sovereignty requirements. AU will 
follow similar procedures for Indigenous populations.



Page 8 of 16Berthold et al. BMC Psychiatry          (2025) 25:532 

GWAS GWAS will be performed by ancestry groups 
for each primary ED diagnosis, component behaviors, 
and dimensional traits captured through the EDGI2 
battery. Binary and continuous GWAS will include cor-
rection for relevant covariates including sex, age, and 
genotype-derived principal components (PC) to cor-
rect for population stratification. The number of appro-
priate PCs will be determined using PCAiR.

For each ED, ancestry-specific EDGI2 GWAS will be 
meta-analyzed using MR-MEGA [49]. Where possi-
ble EDGI2 cohorts will be meta-analyzed with PGC-ED 
GWAS summary statistics, and any other publicly availa-
ble ED GWAS summary statistics. In total, meta-analyses 
are expected to yield ~ 80,000 cases and ~ 730,000 con-
trols (case-specific breakdown: AN≈47,000; BN≈16,000; 
BED≈10,000, ARFID≈6,500). By the time of analysis, 
additional cases may be contributed from independent 
international sites. Significant GWAS loci will be identi-
fied through standard per-GWAS Bonferroni correction 
and a conditional false discovery rate (FDR) approach 
across GWAS to identify shared loci [50].

Phenotypic and GSEM analyses Case-case GWAS will 
explicitly compare ED cases (e.g., AN vs. BN; AN vs. BED 
etc.). Genomic structural equational modelling (GSEM) 
[51] will be applied to the GWAS summary statistics to 
identify common factors across EDs and between ED 
symptoms.

SNP‑Heritability We will estimate SNP-h2 with 
Genome-wide Complex Trait Analysis (GCTA) [52] 
based on individual genotypes to maximize accuracy. 
Covariate-adjusted LDSC [53] will be used to calculate 
partitioned SNP-h2 within homogenous and admixed 
populations using the best available population refer-
ences for building LD scores (e.g., the latest high cover-
age 1000G whole genome sequencing [WGS] data) [47]. 
For discrete traits, GCTA and LDSC require an assumed 
lifetime population prevalence (K), and we will model a 
range of values to explore sensitivity.
Genetic Correlations We will estimate rg between ED 
traits and other psychiatric, metabolic, and anthropo-
metric traits using LDSC and LAVA [54]. Since LDSC 
is limited to within-ancestry comparisons, we will apply 
POPCORN [55] and GCTA bivariate GREML [56] for 
trans-ancestry correlation analyses.

Polygenic Risk Score PRS aggregate risk alleles across 
the genome, weighted for effect size, to provide an esti-
mate of an individual’s risk for a disorder or trait. We will 
compare two methods, the classical P-value thresholding 
method and SBayesRC [57], and implement appropriate 

cross-population approaches, for example PRS-CSx 
[58]. Exclusion criteria for P-value thresholding include 
uncommon SNPs (MAF < 0.01), low quality variants 
(imputation INFO score < 0.7), indels, strand ambigu-
ous SNPs, and SNPs within the highly variable extended 
MHC region (chr6:25–34 Mb). As standard, SNPs will be 
LD pruned and clumped. P-value thresholds are prede-
fined (0.001, 0.01, 0.05, 0.1, 0.5). We will use SBayesRC to 
calculate PRS while modeling LD.

Rare CNV Analyses To explore rare CNVs, we will use 
a clustering approach. CNVs will be called with validated 
complementary calling algorithms, iPattern [59], Pen-
nCNV [60], and QuantiSNP [61] in EnsembleCNV [62], 
which enables highly accurate CNV calling from SNP 
array data. Stringent QC include: exclusion of LogRDev 
Z > 2, BalleleDev Z > 2, or fragmented CNVs; samples 
with < 98% call rate, autosomal heterozygosity greater 
than five, unresolvable sex mismatch, unreliable calls 
(low-confidence score, < 10 probes, or only called by a 
single algorithm) will be excluded; and spurious calls will 
be filtered with QC CNV metrics, small CNVs, or CNVs 
where > 50% overlaps low confidence genomic regions, 
or hypervariable regions in white blood cells will also be 
excluded. Adjacent CNVs overlapping by > 75% will be 
annealed. Additional QC will be applied as necessary to 
DK bloodspots [63] and analysis may be limited to CNVs 
relevant to neuropsychiatric disorders (N = 53) [64–66]. 
Batch-wise Firth logistic regression (including covariates) 
will test CNV burden in cases and controls, followed by 
standardization of results with Stouffer’s signed Z-value 
meta-analysis. Rare CNV burden parameters include 
count, total and average length (kilobases [kb]), number 
of protein coding genes implicated, and total overlapped 
evolutionarily constrained bases [67]. Additionally, novel 
CNVs will be detected with breakpoint analyses via 
Firth’s logistic regression.

Bioinformatics analysis and integration Bioinformatic 
analysis and integration will leverage existing data and 
code from previous PGC investigations and publicly 
available sources. As in previous ED GWAS (ANGI [2], 
EDGI [1]), initial gene enrichment analyses will be per-
formed in the web browser-based application FUMA 
[68] as a starting point, due to its easily sharable graphi-
cal output, and then address seven major domains of bio-
informatics integration. Basic SNP annotation includes 
evolutionary constraint scores for primates, mammals, 
and vertebrates, functional annotation of gene compo-
nents, and enrichment for all major psychiatric GWAS 
results. Statistical fine mapping will be performed to 
identify putatively causal SNPs at each locus, using FIN-
EMAP [69] and SuSie [70]. Common indel imputation 
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will be performed with TOPMed and expanded 1000G 
imputation reference (as allowable) to enable investiga-
tion of putatively informative indels at locations such as 
gene regulatory regions. We will perform comprehen-
sive gene annotation followed by enrichment analysis 
with stratified LDSC to address the need for contextual 
interpretation of GWAS loci. This will include annotating 
risk loci, in addition to the basic SNP annotations, whole 
exome sequencing (WES), and snRNA-seq for differen-
tial gene expression in psychiatric disorders, Mendelian 
inheritance patterns, and brain cell-type specific gene 
expression. Integration of GWAS data with functional 
genomics will be performed with available annotation 
databases of both bulk tissue and cell specific regulatory 
elements, chromatin regions, interaction regions, splic-
ing and quantitative trait loci (QTL). For specific ED risk 
loci, we will emulate experimental evaluation of GWAS 
loci currently being undertaken for other psychiatric dis-
orders, including the use of massively parallel reporter 
assays (MPRA), and dCas9 epigenome editing to experi-
mentally validate functional consequences of risk loci.

Power We have sufficient power (> 80%) for case–con-
trol GWAS. BN, BED, and ARFID, specifically, will have 
power to detect common variants (MAF > 5%) with 
modest effect sizes (ORs: ARFID > 1.27; BN > 1.22; BED 
> 1.17), and low-frequency variants (MAF > 1%) with 
relatively large effect sizes (odds ratios [ORs] > 1.68, 
1.52, and 1.41, respectively). From ANGI and EDGI, AN 
GWAS already has sufficient power for detection of com-
mon variants, which EDGI2 will improve. This will be the 
first ED GWAS with sufficient power for case-case analy-
ses. The largest case-case analysis will be able to detect 
common low-effect variants and low-frequency moder-
ate-effect variants (OR > 1.18 and OR > 1.4, respectively), 
while the smallest case-case analysis will be able to detect 
common moderate effect variants, and low frequency 
large effect variants (OR > 1.35 and OR > 1.8). Analyses 
for heritability, rg, and PRS all have sufficient power.

Patient stratification (Aim 2b)
Within-disorder heterogeneity, common in EDs, has 
both research and clinical implications [71–75]. Data 
driven taxonomy has improved disorder classifica-
tions previously [76]. We will mirror recent work using 
PRS to derive genetic clusters of schizophrenia pheno-
typic subtypes [77, 78] and apply advanced, unsuper-
vised machine learning to group samples for clinically 
relevant outcomes, and compare these with ED PRS 
clusters. Standard steps include variable selection and 
normalization, Uniform Manifold Approximation and 
Projection (UMAP) [79] for dimensional reduction, and 

visualization and identify subgroups with HDBSCAN 
[80] density-based clustering. To ensure robustness and 
reliability, the clustering algorithm will be validated by 
applying the same procedures to both training and rep-
lication datasets (e.g., applying the same clustering algo-
rithm across sites). Cluster similarity will be evaluated 
to assess the consistency and reproducibility of the clus-
ters. Validated novel patient clusters will be compared 
to standard DSM-5 diagnoses with agreement matrices 
to identify whether clusters better explain clinical out-
comes and heterogeneity, as well as demonstrate genetic 
diversity.

Interrogating AN as a metabo-psychiatric trait hypothesis 
(Aim 2c)
Genetic correlations
We will replicate previously identified psychiatric, meta-
bolic, and anthropometric correlations [3] using the 
EDGI2 cohort. We will follow the approach described in 
the primary analysis for rg. We will use the largest avail-
able GWAS data for heritable metabolic and anthro-
pometric traits [81–90] at the time of the analysis and 
correct for multiple testing using FDR.

Pathway specific PRS
Pathway PRS is an extension of PRS that identifies how 
risk alleles aggregate in particular gene pathways and 
enables inference of mechanisms of genetic risk con-
ferral. We will use PRSet [91] and established gene set 
repositories including GO, SynGO, KEGG, and REAC-
TOME for cohort specific analysis, and validate findings 
against UK Biobank. We will perform single and multi-
ple pathway associations within each ED and assess pro-
portion of variance explained with a nested approach. 
All analyses will be corrected for ancestry PCs, age, and 
sex [92].

PheWAS
We will leverage existing UK Biobank data to test for 
relationships between clinical phenotypes and between 
ED-associated genetic variants and PRS. UK Biobank 
data include diet, medications, biochemical assays, exer-
cise, substance use, anthropometry, and broad diagnos-
tic histories. For each ED, PRS will be calculated for all 
participants in UK Biobank, and phenome-wide associa-
tion studies (PheWAS) performed to test for associations 
between higher PRS and clinical and diagnostic data. QC 
of UK Biobank phenotypic data will include visualization 
of quantitative trait distribution, and tests for non-nor-
mality of distributions (heteroskedasticity). An FDR cor-
rection will be applied to correct for multiple testing. We 
will seek replication of significant findings in the All Of 
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Us, Adolescent Brain Cognitive Development (ABCD), 
and PsychEMERGE cohorts [93].

Mendelian randomization
We will use bidirectional, two-sample MR to interro-
gate putative causal directions for metabolic and anthro-
pometric traits with high rg for AN. SNP instruments 
for MR testing of disorder pairs will be selected based 
on p < 5 ×  10–8 and p < 5 ×  10–6, balancing power and 
weak instrument bias [94]. Inverse variance weighting 
(IVW) [95] is the basic method, and additional stand-
ard test considerations include Steiger filtering [96] for 
pleiotropic SNPs, adjusting for overlap between GWAS 
with MRlap [97], and FDR. To further account for weak 
instrument, confounding, and pleiotropic bias, we apply 
MR-Egger [98], MR PARS [99], and debiased IVW [100] 
and MR-APSS [101].

Power
Genetic correlations between ED diagnoses and meta-
bolic traits have > 99% power, and PRS with all variants 
have 100% and > 85% power, at small P-value thresh-
olds. Where PRSet assumes 50 causal pathways, power 
is > 80%, and where 100 causal pathways are assumed, 
power is > 90%. For MR, under the conditions that meta-
bolic GWAS cases > 50 k,  GWASMETAB beta > 0.05, AN  R2 
of SNP on exposure > 0.05 and OR > 1.1, power analyses 
indicate > 80% power to discover bi-directional causal 
relationships between AN and metabolic traits. Finally, 
PheWAS analyses [102] have sufficient power as selected 
biobanks meet the requirement of either > 200 cases or 
> 1,000 individuals with quantitative traits.

Risk prediction (Aim 3)
A key outstanding question in complex trait genetics is 
how individuals with high genetic risk remain resilient 
(i.e., disease-free), while others with low genetic risk may 
develop disease. Here, we will compare high ED-PRS 
cases to low ED-PRS cases, and high ED-PRS cases to 
high ED-PRS controls to characterize ED risk and protec-
tive factors and parse the ‘gene x environment’ relation-
ship [9]. For case-case comparison, we will meta-analyze 
case samples from EDGI, EDGI2, UK Biobank, and other 
biobanks. Low PRS cases will be investigated for envi-
ronmental contribution to disorder development in the 
absence of high genetic risk. We will perform PheWAS 
with the following comparisons: top decile vs. bottom 
decile cases, top decile vs. all other cases, and low decile 
vs. all other cases. As pathway risk aggregation can differ 
from genome wide PRS, we will also compare pathway-
PRS in high and low PRS cases to identify pathways with 
notable contribution to genetic risk or resilience. Simi-
larly, we will then compare high PRS cases to high PRS 

controls to identify potentially protective environmental 
and genetic factors against disorder development despite 
the presence of overall genetic risk.

Finally, we will repeat clustering analyses as described 
in ‘Patient Stratification (Aim 2b)’, using PRS scores as 
clustering variables in place of phenotype clustering [103]. 
ED GWAS (ANGI, EDGI, EDGI2, and ARFID Genes and 
Environment [ARFID-GEN]) are combined for maximum 
sample size, and PRS will be calculated for ED behaviors, 
psychiatric co-morbidities, and metabolic traits for each 
sample. PRS curve is nonlinear (disproportionally greater 
in those with the greatest PRS burden [104–106]) and will 
thus be categorized into quartiles as ordinal variables, 
from which Gower distance matrices will be derived and 
used as input for clustering. Our primary analysis will 
be case-based clustering but will additionally expand to 
case–control and control-only clustering (controls: ≥ 30 
years old, no lifetime ED symptoms) for a more robust 
investigation. Clusters will be compared for diagnostic 
and symptomatic prevalence, and we will repeat PheWAS 
as described for PRS decile comparisons above.

Determining where in the body EDs “live” (Aim 4)
To extrapolate GWAS-identified risk variants to clini-
cally relevant biology, we will leverage growing functional 
datasets and dynamic tools. Our approach comprises 
three main stages: Gwas2cells (Aim 4a), disorder-rele-
vant gene-tissue associations (Aim 4b), and ED-relevant 
environmental GREx modelling (Aim 4c). Since this is 
a rapidly developing area of genetics research, we will 
implement the highest quality available tools and datasets 
at the time of analysis. The first stage, Gwas2Cells, will 
identify ED-specific implicated brain cell and tissue types 
using stratified LDSC [107, 108]. The second phase will 
include transcriptomic imputation (TI) with genotype 
and expression data from post-mortem cohorts to predict 
GREx for the implicated tissue and cell types [109, 110]. 
TI approaches using raw data are robust to ancestry dif-
ferences and eQTLs (expression QTLs) have higher con-
servation than matched SNPs [109, 111]. The third phase 
will incorporate environmental ED risk factors (BMI, sex 
[112] and stress) and identify ‘gene x environment’ inter-
actions in a ‘dynamic TI’ model (dTI) [113]. Sex specific 
GREx will be calculated using TI models derived from 
sex-stratified data to calculate sex specific brain and 
body GREx. BMI GREx will be calculated with five differ-
ent BMI categories, underweight (<18), low (18.5–19.9), 
average (20–24.9), borderline high (25.0–29.9), and high 
(≥ 30). Similarly, stress GREx will be modelled under low 
(0), average (2), and high life stress [10]. dTI can help us 
better understand how known risk factors including BMI, 
stress, and sex, individually and in tandem may drive 
expression of genetic risk factors.
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Translational summit (Aim 5)
The culmination of EDGI2 will be a translational sum-
mit, to directly address the gap between ED biological 
research and clinical intervention. We will facilitate inter-
action among key research leaders, community stake-
holders, individuals with lived experience, experts with 
specialized knowledge in relevant cultural and clini-
cal contexts, and funding bodies. The summit will be 
an intensive, full-day hybrid experience, incorporating 
presentations, round table discussions, and networking. 
Actionable outcomes of this summit will include a scien-
tifically informed white paper summarizing clinical inter-
vention and policy recommendations.

Discussion
Over the past decade, ED genetics has made significant 
strides. The 2019 Watson et  al. GWAS [3] opened the 
door for deeper inquiries regarding how genes related to 
both metabolic and anthropometric factors can impact 
risk for AN, independent of genes influencing BMI, and 
beyond the impact of genes related to other psychiatric 
disorders. Since then, we have documented a high twin-
based heritability for ARFID [114] and conducted two 
large genomic studies of ARFID [115, 116], currently 
queued for genotyping. Moreover, EDGI samples (N 
~ 18,000) from the US, AU, NZ, and DK are all queued 
for genotyping, which also contributes large numbers of 
samples from individuals from varied ancestries, improv-
ing the representativeness of ED GWAS.

EDGI2 extends our work both globally and scientifi-
cally. By setting high but achievable recruitment goals 
across affected populations, we will ensure that ED 
genetics includes genotypes from many populations to 
ensure that our results maximize the applicability of find-
ings across different populations and enhance the scope 
of research participation to improve scientific under-
standing for all populations. By focusing on severe and/
or longstanding EDs, we will identify individuals whose 
genomes may be enriched for causal alleles, while work-
ing toward clinical prediction models that incorporate 
genetic data that may enhance our ability to identify 
individuals at risk for poor outcomes early and to inform 
more personalized intervention. We will convert knowl-
edge of genetic and environmental risk factors for EDs 
into biologically and clinically relevant and actionable 
insights. EDGI2 will generate new knowledge and yield 
an action plan for translating findings into biologically 
informed prevention and treatment interventions.
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