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Supplementary Methods
Structural MRI (sMRI) preprocessing and phenotype extraction
CAT12 v.r1364 (http://dbm.neuro.uni-jena.de/cat), a toolbox of Statistical Parametric Mapping (SPM12, https://www.fil.ion.ucl.ac.uk/spm/software/spm12), was applied to preprocess sMRI data. After B1-field inhomogeneity correction, bias-corrected T1-weighted images were segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using an adaptive Maximum A Posteriori (MAP) method1. Population-specific probability templates for GM, WM, and CSF were generated in Montreal Neurological Institute (MNI) space via the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) algorithm2. Individual GM images were normalized to the GM template using DARTEL and resampled to 1.5 mm isotropic voxels. The grey matter volume (GMV) maps were modulated to preserve absolute volume for each individual. Total intracranial volume (TIV) was defined as the sum of GM, WM, and CSF volumes. From each participant’s voxel-wise GMV map, we extracted GMVs for 90 cerebral regions using the automated anatomical labeling (AAL)3 and for 34 cerebellar regions using the spatially unbiased infra-tentorial (SUIT) template4 (https://diedrichsenlab.org/imaging/propatlas.htm), yielding 124 regional GMV phenotypes per participant.
[bookmark: OLE_LINK1]Cortical surface reconstruction and morphometric analysis were conducted using FreeSurfer v6.0.0 (https://surfer.nmr.mgh.harvard.edu/) with its standard pipeline. After skull stripping and intensity normalization, T1-weighted images were segmented based on voxel intensity and neighborhood information to delineate cortical and subcortical structures. White and pial cortical surfaces were reconstructed using the gray–white matter boundary. Topology correction was applied to ensure surface continuity, and cortical thickness (CT) and surface area (SA) were computed at each vertex across the cortical mantle. Individual surfaces were registered to the fsaverage template via spherical alignment. The cerebral cortex was divided into 62 anatomically symmetrical regions (31 regions per hemisphere) based on the Desikan–Killiany–Tourville (DKT) atlas (https://freesurfer.net/fswiki/CorticalParcellation). From each region, both CT and SA were extracted, yielding 124 regional cortical measures, together with total SA and mean CT for the left and right hemispheres.
Diffusion tensor imaging (DTI) preprocessing and phenotype extraction
FMRIB Software Library v5.0.10 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) was used to preprocess the DTI data. Brain extraction was performed on the b = 0 images to obtain a binary mask. Image displacement, signal dropout, and image distortion were corrected using the eddy_openmp tool. The diffusion tensor was fitted at each voxel using a linear least squares approach via DTIFIT, yielding individual fractional anisotropy (FA) maps. A two-stage strategy was applied to normalize individual FA maps to MNI space. First, the b = 0 image was aligned to the participant’s T1-weighted image via boundary-based registration (BBR)5. This transformation was combined with the DARTEL deformation field from sMRI preprocessing to warp individual FA maps into MNI space. The mean FA image was thinned to generate a mean white matter skeleton representing the centers of white matter tracts common to all individuals. The aligned FA image was projected onto this skeleton by searching perpendicular to the local tract for the maximum FA value. We extracted mean FA values for 48 white matter tracts, defined by the JHU white matter tract atlas (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases).
Resting-state functional MRI (rs-fMRI) preprocessing and phenotype extraction
SPM12 and DPABI v3.0 (http://rfmri.org/DPABI) were used to preprocess the rs-fMRI data. The first several volumes (about 10 seconds) were discarded to allow for signal equilibration. The remaining images were corrected for slice-timing differences and realigned to the mean image to correct for inter-volume head motion using a rigid-body transformation. Participants were excluded if their maximum translation exceeded 3 mm, rotation exceeded 3 degrees, or if the mean Jenkinson frame-wise displacement (FD) exceeded 0.5 mm6. Affected volumes (FD > 0.5 mm) and their adjacent volumes (1 prior and 2 subsequent) were flagged, and individuals with >1/3 affected volumes were excluded. Independent component analysis-based automatic removal of motion artifacts (ICA-AROMA) was used to identify and remove motion-related components7. The artifact-removed images were co-registered to structural images using the BBR method, normalized to MNI space via deformation fields obtained from structural MRI preprocessing, and resampled to 3-mm isotropic voxels. Linear trends and nuisance signals from WM and CSF were regressed out, and temporal band-pass filtering (0.01–0.08 Hz) was applied to reduce low-frequency drift and high-frequency noise.
Group ICA was performed using FSL’s MELODIC to decompose the dataset into 25 independent components (ICs), including 18 non-artefactual resting-state networks (RSNs, Supplementary Fig. 24). We obtained their participant-specific spatial maps and time series using dual regression (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/DualRegression). With the FSLNets toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets), signals from artefactual components were regressed out from the time series of all RSNs. Between-network functional connectivity (BNFC) was defined as the Pearson correlation between the time series of each RSN pair. Fisher’s r-to-z transformation was applied to improve normality, and the resulting 153 BNFC values were used as phenotypes in our analyses.
Quality control (QC) of MRI data
A standardized QC protocol was applied before, during, and after MRI data acquisition. Before scanning, scan parameters were checked for consistency with the study protocol, and participant identity was carefully confirmed. During scanning, participants’ heads were stabilized with firm yet comfortable foam padding to minimize motion, and noise-reducing earplugs were provided. After scanning, images were checked immediately for artefacts, parameter inconsistencies, incomplete brain coverage, or incorrect number of image slices. For rs-fMRI, head motion was also quantified, and if translation in any direction exceeded 3 mm or rotation exceeded 3.0°, the scan sequence was reacquired whenever possible. During data preprocessing, modality-specific QC steps included: segmentation accuracy and spatial normalization were examined for GMV extraction; brain extraction, intensity normalization, pial surface placement, and topology defects were checked for CT and SA; brain extraction and normalization were verified for diffusion MRI; and normalization was assessed for fMRI, with participants showing unresolvable artefacts or excessive motion excluded from brain image phenotype extraction.
Dietary habits questionnaire
Dietary habits were assessed using a structured questionnaire adapted from the UK Biobank touchscreen dietary assessment (Category ID 100052) and modified to reflect Chinese dietary patterns. The questionnaire comprised 22 items covering intake of major food groups and beverages, breakfast habits, and taste preferences. Items were rated on either a three-level or a four-level ordinal scale, and were scored so that higher values reflected greater habitual intake or stronger taste preference. Breakfast habit was recorded on a four-level scale (every day; often; occasionally; never) and scored 4–1. Vegetables, fruits and nuts (salad/raw vegetables; fresh fruits; dried fruits/nuts) were recorded on a three-level scale (frequent; occasional; rarely) and scored 3–1. Fish and meat items (fish; processed meat; poultry; beef; lamb/mutton; pork) were coded on a 3–0 scale in the analytic dataset. Participants who reported being vegetarians skipped these items and were assigned 0, whereas non-vegetarian participants responded on a three-level frequency scale (frequent; occasional; rarely), with higher values indicating more frequent intake. Other protein sources (eggs; dairy such as milk) were recorded on a three-level scale (frequent; occasional; rarely) and scored 3–1. Staple foods (rice; wheat such as noodles and bread) were recorded on a three-level scale (frequent; occasional; rarely) and scored 3–1. Beverages (tea; coffee; sugar-sweetened beverages; water) were recorded on a three-level scale (frequent; occasional; rarely) and scored 3–1. Taste preferences (salty; sweet; spicy; sour) were recorded on a four-level preference scale (very strong; moderately strong; neutral; weak) and scored 4–1.
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Supplementary Figures
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Supplementary Fig. 1 | Distributions of lifetime TSD-26 and TSD-32 across 5,851 participants. Histograms show the distributions of lifetime TSD values, defined as the proportion of hours during the lifetime when UTCI exceeds 26 °C (TSD-26, left) and 32 °C (TSD-32, right), across the study population (n = 5,851). TSD, thermal stress duration; UTCI, universal thermal climate index.
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Supplementary Fig. 2 | Directed acyclic graph (DAG) of the assumed causal relations between lifetime TSD and brain imaging phenotypes. This DAG depicts the hypothesized causal structure linking lifetime TSD (exposure) to brain imaging phenotypes (outcome). Potential confounders include age, sex, individual education level, family socioeconomic status (SES), residential address, urbanicity, normalized difference vegetation index (NDVI), smoking, alcohol consumption, and scanner. Unmeasured and unknown confounders (U) and selection bias (S) are also considered. The minimal sufficient adjustment set derived from this DAG informs covariate selection in regression models, ensuring that back-door paths are blocked while avoiding overadjustment.
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Supplementary Fig. 3 | Directed acyclic graph (DAG) of the assumed causal relations between lifetime TSD and lifestyle (behavioral) traits. This DAG depicts the hypothesized causal structure linking lifetime TSD (exposure) to lifestyle and behavioral traits (outcome). Potential confounders include age, sex, individual education level, family socioeconomic status (SES), residential address, urbanicity, normalized difference vegetation index (NDVI), smoking, and alcohol consumption. Unmeasured and unknown confounders (U) and selection bias (S) are also considered. The minimal sufficient adjustment set derived from this DAG informs covariate selection in regression models, ensuring that back-door paths are blocked while avoiding overadjustment.


[bookmark: _Hlk209282913][image: ]Supplementary Fig. 4 | Ridgeline plots of per-participant selection counts across 100 iterations at four subsampling proportions (0.9, 0.8, 0.7, 0.6). Black horizontal lines mark the reference level for each proportion, and the ridges show the distribution of how many times each participant is selected across the 100 iterations. The bottom ridge (0.6) also serves as the x-axis, indicating the selection count out of the 100 iterations.


[bookmark: OLE_LINK51][bookmark: OLE_LINK19][image: ]Supplementary Fig. 5 | TSD-lifestyle associations under subsampling. We randomly select 90%, 80%, 70%, and 60% of participants, 100 times at each proportion, from the full sample (n = 5,851). For each iteration at each proportion, we pool the β values for each TSD-lifestyle association from the ten imputed datasets, and then estimate the mean effect size (colored point) and 95% confidence interval (95% CI; colored bar) from the subsampled datasets. An association is considered replicated when the 95% CI does not include zero and the effect direction is consistent with that from the full sample. Grey diamonds indicate the estimates from the full sample.


[image: ]Supplementary Fig. 6 | TSD-lifestyle associations from imputed and non-imputed datasets. Scatter plot shows the concordance in standardized effect estimates (β) of the seven TSD-lifestyle associations from the imputed and non-imputed datasets. Each point represents one association, and the dashed line denotes equality between the two estimates.
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Supplementary Fig. 7 | TSD-lifestyle associations before and after air pollutant adjustment. The seven significant TSD-lifestyle associations (left: TSD-26; right: TSD-32) in the main analysis (red) are re-estimated while additionally adjusting for PM2.5, NO2, or both pollutants (blue). Points represent standardized β estimates and horizontal lines indicate 95% confidence intervals. The vertical dashed line indicates the null effect (β = 0).
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Supplementary Fig. 8 | The lag-response patterns across the 10 imputed datasets for the four TSD-lifestyle associations with significant sensitive periods. Four associations are those between TSD-26 and taste preference: spicy, taste preference: sour, poultry intake, and daytime dysfunction of sleep quality. For each association, the lag-response pattern for the first 18 years of age is shown separately for each of the ten imputed datasets. The x-axis denotes age at exposure, and the y-axis shows standardized β-coefficients. Thick grey vertical lines indicate 95% confidence intervals at each year, whereas thin grey lines represent interpolated values for adjacent years to visualize the continuous temporal pattern. The colored curve shows the smoothed mean effect. Colored vertical bars indicate ages at which the 95% confidence interval for that year does not include zero, corresponding to sensitive age windows.


[image: ]Supplementary Fig. 9 | TSD-brain associations under subsampling. We randomly select 90%, 80%, 70%, and 60% of participants, 100 times at each proportion, from the full sample (n = 5,851). For each iteration at each proportion, we pool the β-values for each of the 19 TSD-brain associations from the ten imputed datasets, and then estimate the mean effect size (colored point) and 95% confidence interval (95% CI; colored bar) from the subsampled datasets. A replicated TSD-brain association is considered when the 95% CI does not include zero and the effect direction is consistent with that from the full sample. Grey diamonds indicate the estimates from the full sample.


[image: ]Supplementary Fig. 10 | TSD-brain associations from imputed and non-imputed datasets. Scatter plot shows the concordance in standardized β-estimates of the 19 TSD-brain associations (14 for TSD-26 and 5 for TSD-32) from the imputed and non-imputed datasets. Each point represents one association, and the dashed line denotes equality between the two estimates.


[image: ]Supplementary Fig. 11 | TSD-brain associations before and after air pollutant adjustment. The 19 significant TSD-brain associations (left: TSD-26; right: TSD-32) in the main analysis (red) are re-estimated while additionally adjusting for PM2.5, NO2, or both pollutants (blue). Points represent standardized β-estimates and horizontal lines indicate 95% confidence intervals. The vertical dashed line indicates the null effect (β = 0).


[image: ] Supplementary Fig. 12 | The lag-response patterns across the ten imputed datasets for the two associations between TSD-26 and brain imaging outcomes with significant sensitive periods. Two associations are those between TSD-26 and GMV in the left inferior temporal gyrus (L-ITG) and right supplementary motor area (R-SMA). For each association, the lag-response pattern for the first 18 years of age is shown separately for each of the ten imputed datasets. The x-axis denotes age at exposure, and the y-axis shows standardized β-coefficients. Thick grey vertical lines indicate 95% confidence intervals at each year, whereas thin grey lines represent interpolated values for adjacent years to visualize the continuous temporal pattern. The colored curve shows the smoothed mean effect. Colored vertical bars indicate ages at which the 95% confidence interval for that year does not include zero, corresponding to sensitive age windows.


[image: ] Supplementary Fig. 13 | The lag-response patterns across the ten imputed datasets for the two associations between TSD-32 and brain imaging outcomes with significant sensitive periods. Associations are those between TSD-32 and fractional anisotropy in the left superior longitudinal fasciculus (L-SLF) and cortical thickness in the left lateral occipital cortex (L-LOC). For each association, the lag-response pattern for the first 18 years of age is shown separately for each of the ten imputed datasets. The x-axis denotes age at exposure, and the y-axis shows standardized β-coefficients. Thick grey vertical lines indicate 95% confidence intervals at each year, whereas thin grey lines represent interpolated values for adjacent years to visualize the continuous temporal pattern. The colored curve shows the smoothed mean effect. Colored vertical bars indicate ages at which the 95% confidence interval for that year does not include zero, corresponding to sensitive age windows.


[image: ]Supplementary Fig. 14 | TSD-behavior associations under subsampling. We randomly select 90%, 80%, 70%, and 60% of participants, 100 times at each proportion, from the full sample (n = 5,851). For each iteration at each proportion, we pool the β-values for each of the six TSD-behavior associations from the ten imputed datasets, and then estimate the mean effect size (colored point) and 95% confidence interval (95% CI; colored bar) from the subsampled datasets. A replicated TSD-behavior association is considered when the 95% CI does not include zero and the effect direction is consistent with that from the full sample. Grey diamonds indicate the estimates from the full sample.


[image: ]Supplementary Fig. 15 | TSD-behavior associations from imputed and non-imputed datasets. Scatter plot shows the concordance in standardized β-estimates of the six TSD-behavior associations (4 for TSD-26 and 2 for TSD-32) from the imputed and non-imputed datasets. Each point represents one association, and the dashed line denotes equality between the two estimates.


[image: ]Supplementary Fig. 16 | TSD-behavior associations before and after air pollutant adjustment. The six significant TSD-behavior associations (left: TSD-26; right: TSD-32) in the main analysis (red) are re-estimated while additionally adjusting for PM2.5, NO2, or both pollutants (blue). Points represent standardized β-coefficients and horizontal lines indicate 95% confidence intervals. The vertical dashed line indicates the null effect (β = 0).


[image: ]Supplementary Fig. 17 | The lag-response patterns across the ten imputed datasets for the two associations between TSD-26 and behavioral outcomes with significant sensitive periods. Two associations are those of TSD-26 with novelty seeking and reward dependence. For each association, the lag-response pattern for the first 18 years of age is shown separately for each of the ten imputed datasets. The x-axis denotes age at exposure, and the y-axis shows standardized β-coefficients. Thick grey vertical lines indicate 95% confidence intervals at each year, whereas thin grey lines represent interpolated values for adjacent years to visualize the continuous temporal pattern. The colored curve shows the smoothed mean effect. Colored vertical bars indicate ages at which the 95% confidence interval for that year does not include zero, corresponding to sensitive age windows.


[image: ]Supplementary Fig. 18 | The lag-response patterns across the ten imputed datasets for the association between TSD-32 and well-being with significant sensitive periods. The lag-response pattern for the first 18 years of age is shown separately for each of the ten imputed datasets. The x-axis denotes age at exposure, and the y-axis shows standardized β-coefficients. Thick grey vertical lines indicate 95% confidence intervals at each year, whereas thin grey lines represent interpolated values for adjacent years to visualize the continuous temporal pattern. The colored curve shows the smoothed mean effect. Colored vertical bars indicate ages at which the 95% confidence interval for that year does not include zero, corresponding to sensitive age windows.
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Supplementary Fig. 19 | The correlation matrix of 23 outcomes associated with TSD-26. We calculate pairwise Pearson correlations of the 23 outcomes (5 lifestyle, 4 behavior, and 14 brain) for each imputed dataset and combine them using Fisher’s z transformation. The lower triangle shows correlation strength and direction using colors. Asterisks indicate significance: one asterisk for P < 0.05, two for P < 0.01, and three for P < 0.001. The upper triangle lists the corresponding correlation coefficients. Abbreviations: BCC, body of the corpus callosum; DH-Fish, dietary habits-fish intake; DH-Poultry, dietary habits-poultry intake; DH-Sour, dietary habits-taste preference: sour; DH-Spicy, dietary habits-taste preference: spicy; L-IOG, left inferior occipital gyrus; L-ITG, left inferior temporal gyrus; L-IX, left cerebellum IX; L-PCUN, left precuneus; L-SMA, left supplementary motor area; L-TPm, left middle temporal pole; PSQI-DD, Pittsburgh Sleep Quality Index-daytime dysfunction; R-FFG, right fusiform gyrus; R-ITG, right inferior temporal gyrus; R-PCUN, right precuneus; R-REC, right gyrus rectus; R-SMA, right supplementary motor area; R-SPG, right superior parietal gyrus; TPQ-HA, Tridimensional Personality Questionnaire-harm avoidance; TPQ-NS, Tridimensional Personality Questionnaire-novelty seeking; TPQ-RD, Tridimensional Personality Questionnaire-reward dependence; VermisX, cerebellar vermis X; WBI, well-being index.


[image: ]Supplementary Fig. 20 | Stability of exploratory factor analysis (EFA) loadings across imputed datasets. Factor loadings of the three latent factors derived from EFA across the 10 imputed datasets. Each panel corresponds to one imputed dataset. All observed variables consistently load on the same factors across imputations, yielding identical factor structures, as reflected by Tucker’s congruence coefficients of 1.00 for all factors. Abbreviations: L-ITG, left inferior temporal gyrus; L-PCUN, left precuneus; L-SMA, left supplementary motor area; L-TPm, left temporal pole: middle temporal gyrus; R-ITG, right inferior temporal gyrus; R-PCUN, right precuneus; R-SMA, right supplementary motor area; R-SPG, right superior parietal gyrus.
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Supplementary Fig. 21 | Correlation structures of dietary and sleep lifestyle factors. Pairwise Spearman correlations were computed among the 22 dietary items (a) and among the seven PSQI components (b). Lower triangular panels show correlations, with color indicating the strength and direction from −1 to +1. Upper triangular panels show the corresponding correlation coefficients. Asterisks indicate statistical significance, with one asterisk representing P < 0.05, two asterisks representing P < 0.01, and three asterisks representing P < 0.001. A shared color scale was used across panels. Abbreviation: SSB, Sugar-sweetened beverages.
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Supplementary Fig. 22 | Between-scanner consistency of brain imaging phenotypes before and after harmonization. We obtain brain imaging data from two participants across 26-28 CHIMGEN scanners and calculate GMV, CT, SA, and FA phenotypes for each scanner. ComBat harmonization is then applied to these phenotypes. We calculate the Spearman correlation coefficient (each dot) of a given scanner pair across all phenotypes within a modality, using the phenotypes before (gray) and after (pink) harmonization. We then use paired Wilcoxon signed-rank tests to compare their differences before and after harmonization. Abbreviations: CHIMGEN, Chinese imaging genetics, CT, cortical thickness; FA, fractional anisotropy; GMV, grey matter volume; SA, surface area.


[image: ]Supplementary Fig. 23 | Missing rates of neuroimaging, lifestyle, and behavioral phenotypes. a, Missing rates of brain imaging phenotypes across modalities, including grey matter volume (GMV), fractional anisotropy (FA), between-network functional connectivity (BNFC), cortical thickness (CT), and surface area (SA). b, Missing rates of lifestyle and behavioral phenotypes across categories. Each point represents one variable, colored by category.
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Supplementary Fig. 24 | Brain maps of the 18 resting-state networks (RSNs) identified by a 25-component group independent component analysis. Abbreviations: aDMN, anterior default-mode network; AN, auditory network; aSMN, anterior sensorimotor network; CBN, cerebellar network; dSMN, dorsal sensorimotor network; dATN, dorsal attention network; dVN, dorsal visual network; ICA, independent component analysis; lFPN, left frontoparietal network; lVN, lateral visual network; pDMN, posterior default-mode network; pSMN, posterior sensorimotor network; pVN, primary visual network; rFPN, right frontoparietal network; RSN, resting-state network; SAN, salience network; SCN, subcortical network; vATN, ventral attention network.
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