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[bookmark: _Toc224509805]Supplementary methods
[bookmark: _Toc224509806]MRI acquisition and processing
Cortical surface area (SA) and cortical thickness (CT) were derived from in vivo whole-brain T1-weighted magnetic resonance imaging (MRI) scans using FreeSurfer (v5.3 or later). MRI data were acquired at 1.5 Tesla or 3 Tesla using T1-weighted sequences harmonised across sites. Sequence parameters (TR, TE, flip angle) are summarised in Table S2.

Image processing and quality control (QC) were performed in accordance with the ENIGMA Cortical Quality Control Protocol 2.0 (April 2018), as previously described1. Site analysts visually inspected the 34 bilateral cortical segmentations defined by the Desikan-Killiany atlas for each participant. Full documentation of ENIGMA imaging protocols is available at https://enigma.ini.usc.edu/protocols/imaging-protocols/ and https://github.com/ENIGMA-git/ENIGMA-FreeSurfer-protocol. 

Regional CT and SA measures were extracted according to the Desikan–Killiany atlas (34 regions per hemisphere). Global CT was computed as the mean across all 68 cortical regions, and total SA as the summed surface area across the same regions.

For regional analyses, cortical regions of interest were grouped into anatomically defined lobes. The frontal lobe comprised the superior frontal, rostral and caudal middle frontal, pars opercularis, pars triangularis, pars orbitalis, lateral and medial orbitofrontal, precentral, paracentral, and frontal pole. The temporal lobe included superior, middle, and inferior temporal gyri, banks of the superior temporal sulcus, fusiform, transverse temporal, entorhinal, temporal pole, and parahippocampal regions. The occipital lobe included the lateral occipital, lingual, cuneus, and pericalcarine cortices. The parietal lobe comprised the superior parietal, inferior parietal, supramarginal, postcentral, and precuneus regions. The cingulate cortex included rostral anterior, caudal anterior, posterior, and isthmus cingulate regions, and the insula was analysed separately. Lobe-wise CT, calculated as the mean across constituent regions, and SA, as the summed surface area of those regions, were first computed within each hemisphere and then aggregated bilaterally.

[bookmark: bookmark=id.7s536pc84ltp][bookmark: _Toc224509807]DNA methylation preprocessing and quality control (QC)
DNAm was measured in whole blood using the Illumina Infinium MethylationEPIC array (v1.0 or v2.0) in discovery cohorts and the Illumina HumanMethylation450 BeadChip array in replication cohorts. 

EPIC v1.0 and v2.0 interrogate >850,000 CpGs and >900,000 CpGs, respectively, with substantial probe overlap (~77.6%)2 and expanded coverage of open chromatin and enhancer elements3–5. The 450K array profiles >480,000 CpGs6 and served as the replication platform. High cross-platform reproducibility has been reported previously7–9.

[bookmark: _heading=h.ru6a9l61yd1p]Preprocessing and QC were performed using the minfi R package10. Red and green channel intensities were mapped to methylated and unmethylated signals, and average intensities were used to assess sample quality. Initial QC was conducted using preprocessIllumina. Principal component analysis (PCA) based on singular value decomposition was applied to identify outliers;  samples exceeding three standard deviations from the median on the first four principal components were excluded11,12. Sex was predicted using sex chromosome probe intensities, and samples with discordant predicted and recorded sex were removed. 

Samples processed in separate batches were merged prior to normalisation. Stratified quantile normalisation was applied using the preprocessQuantile. PCA on normalised beta-values was used to capture major sources of technical and biological variation. Proportions of six major blood cell types (granulocytes, B cells, CD4+ T cells, CD8+ T cells, monocytes, and NK cells) were estimated using the estimateCellCounts2 function, based on a reference panel13. Full analysis scripts and documentation will be made publicly available upon publication at: https://github.com/XinyangYu918/Meta-analysis-of-cortical-EWAS.

[bookmark: _Toc224509808]Reliability checks for all CT- and SA-associated CpGs 
Reliability of FDR-significant CT- and SA-associated CpGs was assessed using published cross-platform intraclass correlation coefficients (ICCs) for probes shared between the Illumina 450K and EPIC arrays14, indicating predominantly good-to-excellent reproducibility (14/15 CpGs ICC ≥ 0.40), with one low-reliability CpG interpreted cautiously in downstream analyses (Table S4). 

[bookmark: _Toc224509809]Measures included in the Phenome-wide association studies (PheWAS)
Phenome-wide association analyses (PheWAS) were conducted in the IMAGEN cohort (N = 1,191; mean age = 19.02 ± 0.73 years) to examine associations between CpGs identified in the discovery EWAS of cortical morphology and a broad range of behavioural, clinical, cognitive, and environmental phenotypes. IMAGEN employed a harmonised, structured assessment protocol comprising standardised self-report questionnaires, clinician-administered interviews, and behavioural tasks. Measures were grouped into conceptually related domains, as outlined below.

Anthropometric measures: Height and weight were measured during clinical assessments using standardised protocols. Body mass index (BMI) was calculated as weight (kg) divided by height squared (m2). 

Cognitive performance: cognitive function was assessed using selected tasks from the Cambridge Neuropsychological Test Automated Battery (CANTAB), including the Affective Go/No-Go (AGN), Cambridge Gambling Task (CGT), Spatial Working Memory (SWM), and Rapid Visual Processing (RVP). Outcome included latency, response bias, decision quality, risk adjustment, impulsivity, and strategy use.

Eating behaviours: eating behaviours were evaluated using the Eating Disorder Examination Questionnaire (EDE-Q)15, assessing disordered eating behaviours and related attitudes, and the Three-Factor Eating Questionnaire (TFEQ)16,17, measuring cognitive restraint, uncontrolled eating, and emotional eating.

Environmental and life stressors: Childhood adversity was assessed using the Childhood Trauma Questionnaire (CTQ)18, capturing emotional abuse, physical abuse, sexual abuse, emotional neglect, and physical neglect. Stressful life events were measured using the Life Events Questionnaire (LEQ), adapted from the Stressful Life Event Questionnaire19, covering domains such as family conflict, accidents, deviant behaviour, emotional distress, relocation, and sexuality-related events.

Mental health outcomes: Psychiatric symptoms were assessed using the adult self-report Development and Well-Being Assessment (DAWBA)20, the Strengths and Difficulties Questionnaire (SDQ)21 and the Community Assessment of Psychic Experience (CAPE-42)22. Depressive symptoms and rumination were measured using the Adolescent Depression Rating Scale (ADRS)23 and the Ruminative Response Scale (RRS)24, respectively.

Personality traits: Personality was assessed using the revised NEO Five-Factor Personality Inventory (NEO-PI-R)25, capturing neuroticism, extraversion, openness, agreeableness, and conscientiousness. Additional traits were measured using the Temperament and Character Inventory (TCI)26 and its extended version (TCI-3)27, and the Substance Use Risk Profile Scale (SURPS)28, assessing novelty seeking, impulsivity, emotional reactivity, persistence, hopelessness, anxiety sensitivity, and sensation seeking.

Social and interpersonal functioning: social functioning was assessed using the Interpersonal Reactivity Index (IRI)29, and the Perception of Adult Attachment Questionnaire (PAAQ)30. Peer victimisation and perpetration were assessed using items adapted from the Bully Questionnaire31.

Somatisation: Frequency of somatic symptoms was measured using the 35-item Children’s Somatisation Inventory (CSI), based on DSM-III-R criteria for somatisation disorders32.

[bookmark: _heading=h.xveqojg8lvvk]Substance use: Alcohol use and related problems were assessed using the Alcohol Use Disorders Identification Test (AUDIT)33, the Michigan Alcoholism Screening Test (MAST)34, and the Rutgers Alcohol Problem Index (RAPI)35. Lifetime use of substances including amphetamines, cannabis, cocaine, crack, ecstasy (MDMA), GHB, glue, heroin, ketamine, LSD, mushrooms, synthetic cannabinoids, tranquillisers, and tobacco was recorded.

Urban environment: urbanicity was defined based on early-life (up to age 15) and current residential location, classified by population size to quantify exposure to urban environments.

Accumulating evidence indicates that environmentally responsive DNAm loci exert pleiotropic effects across behavioural, psychiatric, cognitive, and cardiometabolic domains. We therefore implemented a domain-spanning PheWAS framework to characterise the broader phenotypic embedding of cortical morphology–associated CpGs within this multiorgan regulatory landscape. Phenotypes were pre-specified according to the structured IMAGEN assessment protocol and grouped into conceptually defined domains to minimise analytical flexibility (Fig. S7). Multiple testing was conservatively controlled using Bonferroni correction across all CpGs and phenotypes, ensuring that reported associations reflect robust signal rather than residual multiplicity.
[bookmark: _Toc224509810]Supplementary results
[bookmark: _Toc224509811]Functional characterisation of CT- and SA-associated CpGs
Genomic annotation: CpGs associated with cortical morphology at FDR-significance were primarily located within gene bodies or intergenic regions, notably in OpenSea contexts (Fig. 4a-b), suggesting that most loci may act through non-promoter regulatory mechanisms.

Regulatory landscape and chromatin state: We next assessed chromatin state and histone mark enrichment for CpGs reaching P < 1×10-5 (CT: N = 68; SA: N = 52) using NIH Roadmap Epigenomics annotations across 10 brain tissues. CT-associated CpGs showed a distinct regulatory signature, characterised by enrichment in transcription start site-flanking regions (TssAFlnk) and depletion from active core promoters (TssA). Enrichment of flanking TSS states was observed in the anterior caudate, dorsolateral prefrontal cortex, angular gyrus, and hippocampus (all PFDR < 0.05; odds ratios 2.9–3.5; Fig. 4c; Table S8), whereas active promoter states were consistently depleted across multiple cortical and subcortical regions, including the angular gyrus, inferior temporal lobe, cingulate cortex, and foetal brain tissues. Additional enrichment was observed for enhancer elements in the angular gyrus. Histone mark analyses were concordant, showing significant enrichment of H3K4me1, a canonical enhancer-associated modification, in the dorsolateral prefrontal cortex, anterior caudate, and angular gyrus (Table S9). Together, these findings indicate that CT-associated CpGs preferentially localise to enhancer and TSS-flanking regulatory elements, consistent with context-dependent modulation of gene expression rather than constitutive promoter activity.

In contrast, SA-associated CpGs showed no enrichment for active chromatin states but were enriched for the repressive mark H3K27me3 in the brain germinal matrix (PFDR = 0.044), implicating polycomb-mediated repression during early neurodevelopment. These results support distinct epigenetic architectures for CT and SA, with CT reflecting regulatory activity in differentiated cortical regions and SA reflecting earlier developmental programmes.

Tissue-specific gene expression: Tissue-specific expression analyses using FUMA36 revealed marked differences between CT and SA (Fig. S5). Genes mapped to CT-associated CpGs showed strong enrichment in brain tissues, alongside significant enrichment in blood and multiple peripheral tissues, suggesting systemic coordination. Directionality-stratified analyses indicated that CT-associated CpGs preferentially index genes that are relatively downregulated across all brain tissues, heart, blood, liver, colon, kidney, and spleen, whereas enrichment for upregulated genes was limited to adipose, lung, and vagina. This pattern suggests that CT-associated epigenetic variation predominantly reflects repressive or fine-tuning transcriptional programmes, consistent with enhancer-mediated regulation. These expression profiles converge on a multiorgan regulatory network spanning neural, cardiovascular, metabolic, renal, and immune systems, aligning with emerging frameworks linking chronic inflammation, cardiometabolic-renal dysfunction, premature mortality, mental health, and dementia risk37,38.   In contrast, genes mapped to SA-associated CpGs showed weaker and more restricted tissue-specific enrichment, with preferential downregulation in blood, heart, liver, and basal ganglia, consistent with a more developmentally constrained transcriptional footprint. 

DNAm-gene expression correlations: We further assessed correlations between DNA methylation and gene expression across six tissues using EWAS Toolkit data derived from TCGA cohorts (Table S10). Several replicated CT-associated CpGs showed robust transcriptional coupling. The replicated promoter CpG cg12303084 (ZMYND8), also implicated via DMR analysis, showed consistent inverse correlations with expression across brain, liver, colon, and stomach, with a positive association in testis, indicating tissue-specific regulation. The gene-body CpG cg01015663 (TCEA3) showed a strong inverse correlation with expression in the brain (r = -0.671), alongside positive correlations in liver and testis, while cg03636183 (F2RL3) showed inverse association in the brain and positive associations in testis and kidney. 

Several DMR-associated CT CpGs also showed transcriptional coupling, including cg14284211 (FKBP5), cg00024404 (SERINC5) and cg13127741 (COMMD7), with predominantly inverse correlations at promoter-associated loci, consistent with canonical models of methylation-mediated repression. For SA, although no replicated CpGs were identified, DMR-associated loci such as cg10016608 (GAS2L2) and cg19832721 (KANSL1) showed notable tissue-specific associations. 

Together, these findings demonstrate that replicated CT-associated CpGs –particularly those mapping to ZMYND8, TCEA3, and F2RL3– exhibit robust, tissue-dependent methylation-expression coupling, supporting their functional relevance. The convergence of chromatin state, tissue-specific expression, and DNAm-expression correlation analyses underscores the biological plausibility of these loci in underlying interindividual variation in cortical structure.

Pathway enrichment analyses: KEGG pathway enrichment analyses of genes annotated to CpGs associated with cortical morphology (P < 1×10-5; Table S11; Fig. 4d) revealed marked differences between CT and SA. Genes linked to CT-associated CpGs showed broad and robust enrichment across pathways related to environmental sensing and detoxification (e.g. olfactory transduction, drug metabolism, metabolism of xenobiotics by cytochrome P450, glutathione metabolism), alongside cellular signalling and neurobiological processes, including cell adhesion molecules, axon guidance, long-term potentiation, and Wnt and Hedgehog signalling. Additional enrichment was observed for pathways involved in autophagy, transcriptional regulation, protein export, and DNA repair, as well as for multiple neurodegenerative and cancer-related pathways, indicating pleiotropic involvement of CT-linked regulatory loci across brain and systemic disease processes. In contrast, genes annotated to SA-associated CpGs showed a more restricted enrichment profile, primarily involving metabolic and detoxification pathways. Together, these results further support a model in which CT-associated CpGs implicate diverse regulatory programmes integrating environmental, metabolic, and neuroplastic processes, whereas SA-associated CpGs map to a narrower set of broadly acting metabolic pathways, consistent with their distinct epigenetic and developmental architectures.

[bookmark: bookmark=id.miwerflkc22r]Trait enrichment analyses: Analysis using the EWAS Atlas showed that CpGs associated with cortical morphology (P < 1×10-5) were significantly overrepresented among CpGs previously linked to a broad range of behavioural, clinical, and environmental traits (Table S12; Fig. 5a). CT-associated CpGs showed particularly strong enrichment for traits related to environmental exposure and systemic health, including smoking-related phenotypes, lung cancer risk, lung function, air pollution, and IgG glycosylation, highlighting overlap with exposure-sensitive and immune-modulated epigenetic signatures. Robust enrichment was also observed for educational attainment, cognitive function, wellbeing, poverty status, and mortality, in line with the brain- and blood-enriched transcriptional programmes identified in the FUMA analyses. Additional overlap with cardiometabolic traits (e.g. cardiovascular risk, type 2 diabetes, body mass index), immune-mediated disorders (Crohn’s disease, multiple sclerosis, allergic asthma), and neurodegenerative disease (Alzheimer’s disease) further aligns with the multiorgan regulatory networks and metabolic–inflammatory pathways highlighted by KEGG pathway enrichment.

In contrast, SA-associated CpGs showed a more restricted trait enrichment profile, with significant overlap primarily involving psychiatric outcomes (depressive disorder), prenatal maternal conditions (hypertensive disorders in pregnancy), and immune and inflammatory traits (Crohn’s disease, psoriasis, systemic lupus erythematosus, fractional exhaled nitric oxide). 

Together, these trait-level enrichments further support a model in which CT-associated CpGs capture environmentally responsive, systemically integrated regulatory processes.

Overlap with previously reported EWAS signals: Across CpGs associated with cortical morphology at P < 1×10-5, overlap with prior EWAS signals revealed a convergent association with a shared spectrum of traits (Table S13), particularly among CT-associated loci, spanning environmental exposures (smoking, alcohol use), ageing, cardiometabolic-renal dysfunction, inflammatory and immune processes, and mortality-related outcomes. This convergence was evident for replicated CT CpGs, including cg03636183 (F2RL3), cg12303084 (ZMYND8), cg01015663 (TCEA3), and cg13518625 (DUSP4/SARAF), and aligns with the observation that CT-associated CpGs map to a multiorgan regulatory network with predominantly downregulated expression across neural, cardiovascular, metabolic, renal, and immune tissues. 

Together, these findings support a model in which replicated CT-associated CpGs capture epigenetic variation operating along a systemic axis of chronic inflammation, cardiometabolic–renal dysfunction, and ageing-related vulnerability, rather than isolated, tissue-specific effects.

[bookmark: _Toc224509812]Dataset descriptions
Demographics, DNAm and MRI acquisition pipelines for each cohort are summarised in Tables S1-2.

[bookmark: _Toc224509813]Discovery datasets
ADNI: Data used in the preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative database (adni.loni.usc.edu). The ADNI was launched in 2003 as a 5-year public–private partnership, led by Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI), positron emission tomography (PET), other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of mild cognitive impairment (MCI) and early Alzheimer’s disease (AD) and to assess and optimize biomarkers for clinical trials in AD. The initial sample included older adults who were cognitive normal (CN) as well as meeting criteria for MCI and clinical AD.
DBIS: The Dunedin Brain Imaging Study (DBIS) seeks to better understand what factors shape healthy and unhealthy aging of the brain. Neuroimaging data were collected from 2016 to 2019 in Dunedin, New Zealand, in 875 members of the Dunedin Study, a longitudinal investigation of a population-representative birth cohort now in midlife. The cohort is primarily white (93%), and individuals were 45 years old at the time of neuroimaging. The Dunedin Brain Imaging Study is a collaboration between Duke University Professors Terrie Moffitt, Avshalom Caspi, and Ahmad Hariri, and the Dunedin Multidisciplinary Health and Development Research Unit led by Professor Richie Poulton at the University of Otago in Dunedin, New Zealand. The parent Dunedin Study was launched with the enrollment of 1037 individuals born between April 1972 and March 1973 in Dunedin, New Zealand. The individuals enrolled represented the full range of socioeconomic status in the general population of New Zealand's South Island. These individuals have been followed longitudinally with a variety of rigorous health and behavioral assessments conducted at birth and ages 3, 5, 7, 9, 11, 13, 15, 18, 21, 26, 32, 38, and, most recently, 45, when neuroimaging was carried out in 875 individuals. 
ESTRA and STRATIFY39: Participants from these datasets were derived from two related and complementary clinical studies, ESTRA and STRATIFY, respectively, led by Prof Sylvane Desrivières and Prof Gunter Schumann. STRATIFY was designed to generate a neurobehavioural framework for the stratification of psychopathology for prevalent mental disorders: major depression (MDD), alcohol use disorder (AUD), and Psychosis, while ESTRA focused on eating disorders (anorexia nervosa, bulimia nervosa, and binge eating disorder). Both studies used protocols harmonised to match the IMAGEN study protocol.
ESTRA: Participants from this study were recruited in London. In addition to age (18–25 years), inclusion criteria were DSM-5-based diagnostic criteria for AN or BN, based on the Eating Disorder Diagnostic Scale (EDDS DSM5 version). All participants from this sample were female. Age-matched healthy controls were also recruited.   
STRATIFY: Participants were recruited in the UK (London and Southampton) and Germany (Berlin). In addition to age (18-30 years), inclusion criteria were: current moderate-severe depression, assessed by PHQ-9, with a total score of 15 or above; moderate-severe alcohol use disorder, assessed by AUDIT, with a total score of 15 or above; and schizophrenia, schizotypal and delusional disorders based on ICD-10 diagnosis. 
Age-matched healthy controls were also recruited as part of ESTRA and STRATIFY. 
Ethical approval was received from the London Westminster Research Ethics Committee and the Charité Ethikkommission (STRATIFY), and the Northwest-Greater Manchester South Research Ethics Committee (ESTRA). Written informed consent was obtained from all participants.
FOR2107: The FOR2107 cohort is a bicentric longitudinal case-control study, aimed at investigating the neurobiological mechanisms underlying mental disorders, including major depression (MDD), bipolar disorder (BD), and schizophrenia (SZ)40. Participants include healthy controls as well as patients and are recruited from two different sites in Germany, Marburg and Münster. Data collection included a diagnostic interview, as well as cognitive, psychosocial, genetic and biological measures and an MRI assessment. Participants were assessed at three time points over five years, with the first follow-up occurring about two years after baseline and the third about five years after baseline assessment. Lifetime psychiatric diagnosis was assessed using the semi-structured SCID-I interview according to DSM-IV-TR (Diagnostic and Statistical Manual of Mental Disorders) applied by trained staff. All procedures were approved by the local Ethics Committees of Marburg (AZ:07/14) and Münster (AZ:2014-422-b-S), Germany, according to the Declaration of Helsinki. Participants gave written informed consent prior to study participation and received financial compensation. DNA methylation was profiled using the Infinium MethylationEPIC v1.0 BeadChip (Illumina, San Diego, CA, USA) based on DNA extracted from whole blood samples.
IMAGEN: The longitudinal IMAGEN cohort41 aims to identify neurobiological correlates of reinforcement-related behaviours in adolescents followed from ages 14 to 23 years. Participants were recruited from eight research centres in the United Kingdom, Germany, France and Ireland. Ethics approval was obtained at each site by the local research ethics committee. Written consent was obtained from each participant. For this study, we analysed data from participants aged 19 years.
MCIC: The Mental Illness and Neuroscience Discovery Institute (MIND) Institute, now the Mind Research Network (MRN, www.mrn.org), formed the MIND Clinical Imaging Consortium (MCIC) in 2003 to conduct a multi-institutional, cross-sectional study of patients with schizophrenia and demographically matched, by sex and age, healthy controls to identify quantitative neuroimaging biomarkers for this devastating disease42.
PPMI: The Parkinson’s Progression Markers Initiative (PPMI)43 is an observational study to better define and measure Parkinson’s disease to speed therapeutic development. PPMI makes its data set and biorepository—the most robust in Parkinson’s to date—available to academia and industry to accelerate breakthroughs. PPMI has gathered longitudinal data from more than 1,400 individuals at 33 clinical sites in 11 countries. These data are shared through the University of Southern California’s Neuroimaging Laboratories database (https://ida.loni.usc.edu/).
SHIP-TREND: The SHIP-TREND is a population-based cohort study. Baseline examination was performed between 2008 and 201244. The medical ethics committee of the University of Greifswald approved the study protocol. Oral and written informed consents were obtained. Examinations comprised a health-related interview, an oral health examination, a medical examination and a health- and risk factor-related questionnaire.
SNiP: This cohort was recruited between 2013 and 2018 at the Central Institute of Mental Health (CIMH) in Mannheim, Germany. Ethics approval was given by the medical ethics committee ll of the Medical Faculty Mannheim at Ruprecht-Karls-University in Heidelberg, fulfilling the ethical guidelines for medical research according to the Declaration of Helsinki. All participants signed written informed consent and were free to withdraw from the study at any time. There was no surrogate consent procedure.

[bookmark: _Toc224509814]Replication/validation datasets
BIP-SYD: Participants were aged 12-30 years and recruited as previously described45,46. Briefly, participants with a personal or family history of bipolar disorder (BD) were recruited from families who had previously participated in family studies of BD, specialised BD research clinics, mental health consumer organisations, or in response to public notices. BD cases (n=17) met DSM-IV criteria for BD type-I (BD-I) or type-II (BD-II). High risk (HR; n=84) participants were the children or siblings of individuals with DSM-IV diagnoses of BD-I, BD-II, or schizoaffective disorder–bipolar-type (SABP), who did not personally have threshold diagnoses of these conditions at baseline, but 64% had some threshold or subthreshold psychopathology (affective, substance, anxiety). Control participants (CON; n=94) were recruited via print/electronic media, and noticeboards in universities and local communities. CON had no personal or familial (first-degree) history of BD-I, BD-II, recurrent unipolar disorder, SABP, schizophrenia, recurrent substance abuse or psychiatric hospitalization, and no second-degree relative with a past mood-disorder hospitalization or history of psychosis.
Written informed consent was obtained from all participants, with additional parental consent for participants aged <16 years. This study was approved by the University of New South Wales Human Research Ethics Committee (HREC Protocol 09/097). A battery of structured clinical interviews, self-report questionnaires and clinician-rated assessments was administered to each participant. The Family Interview for Genetic Studies (FIGS)47 was administered to each participant or a family member to determine the family history of mood or psychotic disorder. To determine psychiatric diagnoses, both participants (aged 12-21) and their parent/s completed the Kiddie-Schedule for Affective Disorders and Schizophrenia for School-Aged Children–Present and Lifetime Version (K-SADS-BP; v2, July 2009)48,49. Adult participants (aged 22-30; including BD-probands) completed the Diagnostic Interview for Genetic Studies (DIGS; v4.0/BP, July 2005)50. Consensus DSM-IV diagnoses were determined by two clinicians using best-estimate methodology51, using the K-SADS or DIGS, FIGS, and medical records (where available). The participants in the analysed sample were predominantly European (77%) or mixed-European (11%), while 11% were of Asian ancestry. The analysed cohort was 54% female, had 14.4 ± 3.4 years (mean±sd; range 6-21) of education, and an IQ of 116.8 ± 10.7 (range 83-138).  DNA for methylation quantification was derived from peripheral blood extracted from whole blood (n=27), ficol/buffy coat processed (n=113) or separated lymphocytes (n=55), as described previously52. Tissue source and cell count estimates were included as covariates.
CTAAC: The purpose of the Cape Town Adolescent Antiretroviral Cohort (CTAAC) is to investigate chronic disease processes in perinatally HIV-infected South African adolescents. The focus is on four key domains: the impact of chronic HIV infection on development; the neuropsychiatric manifestations of HIV in adolescence; the development of chronic lung disease; and early markers of cardiovascular dysfunction. Throughout, the emphasis of this research is on understanding the interactions between chronic disease processes across organ systems. The study enrolled 520 perinatally-infected children ages 9-14 years established on antiretroviral therapy. We followed these children with regular measures (including measures of physical and psychological development, clinical well-being, lung function, cardiovascular status, and emergent risk behaviours) at 6-monthly intervals over 36 months. A CN group of 80 HIV-negative controls was matched on age, gender and socioeconomic status, in order to collect normative data on key parameters.
GenR: The Generation R Study is a prospective population-based cohort that follows children from fetal life onwards. Pregnant women living in the study area of Rotterdam, The Netherlands, with an expected delivery date between April 2002 and January 2006 were invited to participate53. A total of 9,778 mothers were enrolled. These mothers, their children and partners took part in several research waves. The general design, research aims, and specific measurements of The Generation R Study have been approved by the Medical Ethical Committee of Erasmus MC, in accordance with the Declaration of Helsinki of the World Medical Association. Written informed consent was obtained from the parents on behalf of the child. For data collected when the child was 12 years or older, the child also provided written informed consent.
LBC1936: The work was undertaken as part of the Cross Council and University of Edinburgh Centre for Cognitive Ageing and Cognitive Epidemiology (CCACE; http://www.ccace.ed.ac.uk). The image acquisition and analysis were performed at the Brain Research Imaging Centre, University of Edinburgh (http://www.bric.ed.ac.uk).
MPIP: The MPIP Munich Morphometry Sample comprises images acquired as part of the Munich Antidepressant Response Signature (MARS) Study and the Recurrent Unipolar Depression (RUD) Case-Control study performed at the MPIP, and control subjects acquired at the Ludwig-Maximilians-University, Munich, Department of Psychiatry.
NTR: The Netherlands Twin Register is a population-based cohort of over 200,000 people from across the Netherlands. It consists of twin-families, i.e. twins, their parents, spouses and siblings aged between 0 and 99 years at recruitment, and started around 1987 with newborn twins and adolescent and adult twins. Full details have been reported previously54. DNA was collected from buccal cells and whole blood as part of multiple projects. For the current paper, we analysed DNA methylation measured in whole blood samples from monozygotic and dizygotic twins collected as part of the NTR Biobank Project55. Informed consent was obtained from all participants. The study was approved by the Central Ethics Committee on Research Involving Human Subjects of the VU University Medical Centre, Amsterdam, an Institutional Review Board certified by the U.S. Office of Human Research Protections (IRB number: IRB00002991; Federal-wide Assurance: FWA00017598; IRB/institute codes: NTR 03-180)
OATS: The Older Australian Twins Study (OATS) recruited twins aged 65 and over from the three Eastern mainland states, Victoria, New South Wales and Queensland. The longitudinal OATS study aimed to examine the genetic and environmental factors involved in ageing and ageing-related neurodegenerative disorders. A comprehensive assessment was undertaken and included medical history, a cognitive battery, functional and personality tests. Peripheral blood samples were collected for biochemical tests and DNA extraction for genetic and DNA methylation assays. Neuroimaging was performed on a subsample. Inclusion criteria included the ability to consent, having a consenting co-twin and having at least a low mean IQ. Criteria for exclusion from the study included a life-threatening illness, current acute psychotic disorder and insufficient English to complete the cognitive battery. Written informed consent was provided by all participants, and ethics approval was granted by the ethics committees of the University of New South Wales, the Australian Twin Registry, the University of Melbourne, Queensland Institute of Medical Research and the South-Eastern Sydney and Illawarra Area Health Service. For more details, see56.
PAFIP: The data utilized in this study were derived from a substantial epidemiological cohort of patients diagnosed with First Episode Psychosis (FEP), who were part of a longitudinal intervention program known as the Support Programme for Early-stage Psychosis (Programa Asistencial a las Fases Iniciales de Psicosis, or PAFIP) conducted between 2001 and 2011 (Clinical trial identifier NCT02526030). The programme was implemented at both the outpatient and inpatient units of Marqués de Valdecilla University Hospital in Santander, Spain. The PAFIP, which was staffed by a multidisciplinary team of clinical and research personnel, incorporated hospital and outpatient care, offering services in diverse areas such as psychiatric nursing, psychology, psychiatry, and social work, and provided specialized, personalized clinical care from the patient's initial contact until three years thereafter. During this period of time, in addition to the clinical care of the patients, several evaluations were carried out from which the data used for the follow-up analyses were extracted (1-year evaluation and 3-year evaluation). A comprehensive description of PAFIP's methodology is available in previous publications57,58.
SYS: The Saguenay Youth Study (SYS) is a two-generational study of adolescents and their parents (N=1,029 adolescents and 962 parents) aimed at investigating the aetiology, early stages and trans-generational trajectories of common cardiometabolic and brain diseases59,60.
ALSPAC: Pregnant women resident in Avon, UK with expected dates of delivery between 1st April 1991 and 31st December 1992 were invited to take part in the study. 20,248 pregnancies have been identified as being eligible and the initial number of pregnancies enrolled was 14,541. Of the initial pregnancies, there was a total of 14,676 foetuses, resulting in 14,062 live births and 13,988 children who were alive at 1 year of age. When the oldest children were approximately 7 years of age, an attempt was made to bolster the initial sample with eligible cases who had failed to join the study originally. As a result, when considering variables collected from the age of seven onwards (and potentially abstracted from obstetric notes) there are data available for more than the 14,541 pregnancies mentioned above: The number of new pregnancies not in the initial sample (known as Phase I enrolment) that are currently represented in the released data and reflecting enrolment status at the age of 24 is 906, resulting in an additional 913 children being enrolled (456, 262 and 195 recruited during Phases II, III and IV respectively). The phases of enrolment are described in more detail in the cohort profile paper and its update (see footnote 5 below). The total sample size for analyses using any data collected after the age of seven is therefore 15,447 pregnancies, resulting in 15,658 foetuses. Of these 14,901 children were alive at 1 year of age.
Of the original 14,541 initial pregnancies, 338 were from a woman who had already enrolled with a previous pregnancy, meaning 14,203 unique mothers were initially enrolled in the study. As a result of the additional phases of recruitment, a further 630 women who did not enrol originally have provided data since their child was 7 years of age. This provides a total of 14,833 unique women (G0 mothers) enrolled in ALSPAC as of September 2021.
G0 partners were invited to complete questionnaires by the mothers at the start of the study and they were not formally enrolled at that time. 12,113 G0 partners have been in contact with the study by providing data and/or formally enrolling when this started in 2010. 3,807 G0 partners are currently enrolled61–63. The data used in the present study were collected from 571 males and further description of this subset and the variables used in this study are provided in Table S2. Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. The UK Medical Research Council and Wellcome (Grant ref: MR/Z505924/1) and the University of Bristol provide core support for ALSPAC. This publication is the work of the authors and they will serve as guarantors for the contents of this paper. Please note that the study website contains details of all the data that is available through a fully searchable data dictionary and variable search tool" and reference the following webpage: http://www.bristol.ac.uk/alspac/researchers/our-data/.
Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. Informed consent for the use of all data collected was obtained from participants following the recommendations of the ALSPAC Ethics and Law Committee at the time. Participants can contact the study team at any time to retrospectively withdraw consent for their data to be used. Study participation is voluntary and during all data collection sweeps, information was provided on the intended use of data.
Biological samples are collected in accordance with the Human Tissue Act (2004). Specific Research Ethics Committee approval is sought for the consenting process at each collection sweep. Written consent, including permission for future use, is obtained from adult participants or from the parents of children as appropriate. Ethical approval for future use is covered by ALSPAC's Research Tissue Bank approval. All historical consents to hold biological samples have been reviewed as part of the Tissue Bank approval process. Participants can contact the study team at any time to retrospectively withdraw consent for use of their samples.
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[bookmark: _Toc224509818]Fig. S1. Overview of the analytic plan of the study.
EWAS, epigenome-wide association study; DMR, differentially methylated regions; PheWAS, phenome-wide association study.
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[bookmark: _Toc224509819]Fig. S2. QCEWAS results of average CT and total SA.
Fig. S2a. The plots show the relationship between sample size and statistical precision for each cohort included in the EWAS meta-analysis. Each point is labelled with its cohort ID, corresponding to the key below the plots. Cohorts are ordered by the mean participant age (cohorts 1 to 11) and displayed sorted by sample size in the figure. Precision was calculated as the inverse of the median standard error (1 / median SE), and plotted against the square root of the cohort sample size. A positive trend – where larger cohorts show higher precision – is generally expected and observed. Both CT and SA analyses demonstrate appropriate clustering along the expected diagonal, indicating good overall precision and no major outliers in cohort-level estimates.
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Fig. S2b. Distribution of effect sizes (β values) for average CT and total SA. These plots show the distribution of DNA methylation effect sizes across all CpGs for each cohort included in the EWAS meta-analysis. Each vertical line represents the distribution for one cohort, labelled by number (see cohort legend on the right). Cohorts are ordered by the mean participant age (cohorts 1 to 11) and displayed sorted by sample size in the figure. As expected, effect size distributions become slightly narrower with increasing sample size, reflecting improved precision in larger cohorts. No cohorts displayed markedly deviant distributions, indicating consistency in the scale and dispersion of effect sizes across studies.
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[bookmark: _Toc224509820]Fig. S3. Forest plots for significantly associated CpGs in the discovery meta-analysis.
Forest plots show the six Bonferroni-significant CpGs associated with average CT (a) and the five CpGs associated with total SA (b). Cohort-specific correlation coefficients and 95% confidence intervals are displayed alongside the combined meta-analysis estimate. Cohorts are ordered by mean age, with IMAGEN being the youngest and ADNI the oldest. The consistent direction and magnitude of effects across cohorts indicate stable associations and minimal cohort-level influence.
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[bookmark: _Toc224509821]Fig. S4. Genomic distribution of CpGs located within differentially methylated regions (DMRs) associated with average CT and total SA. 
Each point represents a CpG site within a significant DMR, plotted according to its chromosomal position (hg19 reference genome). The vertical arrangement of chromosomes follows standard ideogram order (1-22, X, Y). 
[image: ]
[bookmark: _Toc224509822]Fig. S5. Tissue-specific expression enrichment (FUMA analyses) of genes annotated to CT- and SA-associated CpGs based on GTEx v8 transcriptomic data across 54 human tissues.
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[bookmark: _Toc224509823]Fig. S6. Trait associations of CpGs linked to average CT and total SA, based on previous studies included in the EWAS Catalog. 
Word clouds summarise previously reported trait associations for CpGs significantly associated with average CT (left) and total SA (right). The size of each term reflects the frequency of its appearance in the EWAS Catalog (https://ewascatalog.org/) for the respective CpGs and the lookup was filtered for peer-reviewed journals. Prominent traits include age, smoking, and chronic obstructive pulmonary disease (COPD) for average CT, and type 2 diabetes, osteoarthritis, and ischemic heart disease for total SA.
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[bookmark: _Toc224509824]Fig. S7. Correlations between phenotypic variables included in the Phenome-wide association analyses in the IMAGEN cohort. 
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