Psychometric archetypes reveal biological signatures of vulnerability, resilience, and future mental health
Supplementary Material





Contents
Supplementary text	3
Supplementary Methods and Materials	3
Metabolomics	3
Supplementary Figures	7
Figure S1	7
Figure S2	8
Figure S3	9
Figure S4	10
Figure S5	11
Figure S6	12
Figure S7	13
Figure S8	14
Figure S9	15
Figure S10	17
Figure S11	18
Figure S12	19
Figure S13	20
Figure S14	21
Figure S15	22
Figure S16	23
Figure S18	25
Supplemental References	26



[bookmark: _Toc219218007]Supplementary text

[bookmark: _Toc219218008]Supplementary Methods and Materials

[bookmark: _Toc219218009]Metabolomics

Sample preparation
Plasma samples (100 μl) were randomly distributed over 3 96-well plates (batches). A batch of plasma was created before the sample preparation and stored at −80 °C, referred to as external control (EC) samples. Both EC samples and plate-specific pools of all plasma samples in each batch were analyzed for quality control purposes. Each plate included eight EC, four process blanks (PB, extraction in empty well), four pooled samples, and 80 analytical samples. All solvents were LCMS-grade and were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 300 μL of cold methanol/acetonitrile (50/50) was added to the samples, with subsequent shaking for 15 min at 900 rpm at room temperature. Samples were then frozen at -20 °C for 1 hour and consecutively centrifuged at 4000 rpm for 30 min at 4 °C. 50 μL of extract was pipetted into a new 96-well polypropylene plate, which was then evaporated under nitrogen for 1 h at 60 L/min, at room temperature. The samples were reconstituted in 100 μL of reconstitution solution (comprised of 5% solvent B in 95% solvent A, see Metabolomics Profiling section), shaken at 600 rpm for 15 min at room temperature, and then centrifuged at 3000 rpm for 10 min at 4 °C. Afterward the samples on the plate were pooled into a single well on a deep well plate, and pipetted into the four pool positions on the plate, which was then sealed with a silicone lid and centrifuged at 3000 rpm for 5 min at 4 °C. The plate was then run on the LC-MS/MS platform. All pipetting steps were performed on a Microlab STAR automated liquid handler (Hamilton Bonaduz AG, Bonaduz, Switzerland).

Metabolomics profiling
The LC-MS/MS platform consisted of timsTOF Pro mass spectrometer with an Apollo II ion-source for electrospray ionization, Bruker Daltonics (Billerica, MA, US) coupled to a UHPLC Elute LC system, Bruker Daltonics (Billerica, MA, US). The chromatographic separation system included a binary pump, an autosampler with cooling function, and a column oven with temperature control. For infusion of the reference solution, used for external and internal mass calibration, an additional isocratic pump, Azura Pump P4.1S (Knauer, Berlin, Germany) was used. The analytical separation was performed on an Acquity HSS T3 (100 Å, 2.1 mm x 100 mm, 1.8 µm) column (Waters, Milford, MA, US). The mobile phase consisted of solvent A (99.8% water and 0.2% formic acid) and B (49.9% methanol, 49.9% acetonitrile, and 0.2% formic acid). The analysis started with 99% mobile phase A for 1.5 min, thereafter a linear gradient to 95% mobile phase B during 8.5 min followed by an isocratic condition at 95% mobile phase B for 2.5 min before going back to 99% mobile phase A and equilibration for 2.4 min. Total run time for each injection was 15 min and the analysis time for a full 96-well plate was approximately 25 h. Samples were maintained at +15°C in the autosampler, and 5 µL were loaded to the column with a flow rate of 0.4 mL/min and a column temperature of 40 °C.
Tandem mass spectrometric analysis on the timsTOF Pro was performed in the Q-TOF mode with TIMS off,  and auto MS/MS on using the following settings: ionization mode set to positive ionization, mass range set to 20 - 1100 m/z and a Spectra Rate of 9 Hz (Sample time 0.11s). Source settings as Capillary: 4500 V, Nebulizer Gas: 2.2 Bar, Dry Gas flow: 10 l/min, Dry Gas temperature: 220 °C. Tune settings as follows: Funnel 1 RF and Funnel 2 RF: 200Vpp, isCID: 0 eV, Multipole RF: 60 Vpp, Deflection Delta: 60 V, Quadrupole Ion Energy: 5 eV with a low mass set to 60 m/z, Collision Cell Energy set to 7 eV with a pre-Pulse Storage of 5 µs. Stepping is used in Basic Mode with a Collison RF from 250 - 750 Vpp, Transfer Time 20 - 50 µs, and Timing set to 50% for both. For MS/MS only the collision energy ranges from 100% - 250% with timing set to 50% for both. Auto MS/MS was used with a predefined Cycle Time of 0.5 s, Active Exclusion was used with Exclusion after 3 Spectra, and a Release time set to 0.15 min. Dynamic MS/MS spectra acquisition was applied with a target intensity of 20 000 counts, max MS/MS spectra acquisition of 30 Hz (0.03 sec), and min MS/MS spectra acquisition of 16 Hz (0.06 sec). Sodium formate clusters were applied for instrument mass calibration and for internal recalibration of individual samples. A Precursor Exclusion list was used with Exclusion of mass range of 20-60. 

Metabolomics preprocessing
Bruker .d files were exported to the .mzML format using ProteoWizard’s MSConvert10 and subsequently preprocessed using the Ion Identity Network workflow in MZmine1,2 (version 3.3.0). Mass lists were created by considering mass spectra with retention times of 0.4-14 minutes and retaining MS1 intensities above 3E2 and MS2 intensities above 0. The chromatogram was built through the ADAP chromatogram builder by using the following parameters, minimum group size of scans: 5, group intensity threshold: 3E2, minimum highest intensity: 9.0E2, and m/z tolerance: 0.002 m/z or 5 ppm. The chromatogram was smoothed with a filter width of 5. The local minimum search algorithm was used for deconvolution with parameters set to, chromatographic threshold: 85%, minimum RT range (min): 0.05, minimum relative height: 0%, minimum absolute height: 9.0E2, min ratio of peak top/edge: 2.2, peak duration range (min): 0.05-0.5. The peaks were deisotoped by using the isotopic peak grouper function, with parameters set to, m/z tolerance: 0.002 m/z or 5 ppm, retention time tolerance: 0.15 min, monotonic shape: on, maximum charge: 2, representative isotope: most intense. Peaks from all samples were aligned, by using the join aligner function with parameters set to, m/z tolerance: 0.002 m/z or 5 ppm, retention time tolerance: 0.15 min, weight for m/z: 75, weight for retention time: 25. Rows were then filtered using the duplicate peak filter with the new average filter mode and m/z tolerance set to 0.001 m/z or 5 ppm and RT tolerance 0.03 min. Gap-filling was performed using the same mz and RT range gap filler, with a m/z tolerance of 0.002 m/z or 5ppm and an RT tolerance of 0.03 minutes. The metaCorrelate function was used to find correlating peak shapes with parameters set to, RT tolerance: 0.1 min, min. height: 9.0E2, noise level: 5E2, min samples in all: 2 (abs), min samples in group: 0 (abs), min %-intensity overlap: 60%, exclude estimated features (gap-filled): on. Parameters for the correlation grouping were set as follows, min data points: 5, min data points on edge: 2, measure: Pearson, min feature shape correlation: 85%. Ion identity networking parameters were set to, m/z tolerance: 0.002 m/z or 5 ppm, check: one feature, min. height: 9.0E2E3 with ion identity library parameters set to, MS mode: positive, maximum charge: 2, maximum molecules/cluster: 2, adducts: M+H, M+Na, M+K, modifications: M-H2O, M-NH3. Further ion identity networks were added with m/z tolerance: 0.002 m/z or 5 ppm, min. height: 9.0E2, and ion identity library parameters set to, MS mode: positive, maximum charge: 2, maximum molecules/cluster: 6, adducts: M+H, M+Na, modifications: M-H2O, M-2H2O, M-3H2O, M-4H2O, M-5H2O, and m/z tolerance: 0.002 m/z or 5 ppm, min. height: 1E3, and annotation refinement on with parameters set to, delete smaller networks: link threshold: 4, delete networks without monomer: on,  and ion identity library parameters set to MS mode: positive, maximum charge: 2, maximum molecules/cluster: 2, adducts: M+H, M+Na, M+K, modifications: M-H2O, M-NH3. Finally, two feature tables were exported in the .csv format. One feature table contains all extracted mass spectral features, and another feature table filtered for mass spectral features with associated fragmentation spectra (MS2). An aggregated list of MS2 fragmentation spectra was exported in the .mgf format and submitted to ion identity feature-based mass spectral molecular networking through the Global Natural Products Social Molecular Networking Platform (GNPS)3,4.
Before statistical analysis, connected ion adducts were merged and mass spectral feature signals with a relative intensity less than 5 times the mean relative intensity in all paper blank samples were removed. Metabolite features present in less than 25% of the samples were removed and features present in fewer than 75% were treated as binary variables (present or absent). This resulted in a final dataset with a total of 1076 metabolite features measured, among which 433 features were continuous and 643 were binary variables. Missing values for metabolite features with continuous measurements were further subjected to imputation and batch correction procedures. Among the 433 metabolite features, 214 (49%) had less than 5% missing values. Missing values were imputed using missForest5, with the maximum number of iterations set to 10 and the number of trees to 100. Batch correction was performed by centering and univariance scaling of each metabolite per batch.

Quality control procedures
Quality control procedures for metabolite profiling are divided into three main categories, system suitability test (SST), batch evaluation, and post-processing quality control. 
In the SST, the mass spectral and chromatographic performance was evaluated prior to each batch by injecting two different standard samples. Standard sample A consisted of leucine enkephalin (1.8 μM in 50/50: H2O/ACN) and standard sample B consisted of a mix of amino acids and acylcarnitines in 50/50: H2O/ACN (Cambridge Isotope Laboratories, Tewksbury, MA, USA). System suitability was evaluated based on retention time deviation (<0.2 min), mass accuracy (<2 ppm), and relative standard deviation (<20%) for all compounds in both standard samples A and B. Batch evaluation was performed by monitoring sixteen quality control metabolites in pooled sample extracts, EC samples and paper blanks. Potential carry-over is controlled by ensuring that quality control metabolites are not present in the paper-blank samples. Mass spectral and chromatographic performance is evaluated by monitoring retention time deviation (<0.2 min), mass accuracy (<2 ppm), and coefficient of variation (<20%) in EC samples and pooled sample extracts. Data for batch evaluation is presented in Table S12. Feature picking for the SST and batch evaluation was performed in Metaboscape (Bruker, Billerica, MA, United States). 

Metabolite identification
To annotate mass spectral features to putative chemical structures, a mass spectral molecular network was created through the GNPS Platform (http://gnps.ucsd.edu) using the ion identity feature-based molecular networking workflow (https://ccms-ucsd.github.io/GNPSDocumentation/fbmn-iin/)1,3,4. The data was filtered by removing all MS/MS fragment ions within +/- 17 Da of the precursor m/z. MS/MS spectra were window-filtered by choosing only the top 6 fragment ions in the +/- 50 Da window throughout the spectrum. The precursor ion mass tolerance was set to 0.02 Da and an MS/MS fragment ion tolerance of 0.02 Da. A network was then created where edges were filtered to have a cosine score above 0.7 and more than 4 matched peaks. Further, edges between two nodes were kept in the network if and only if each of the nodes appeared in each other’s respective top 10 most similar nodes. Finally, the maximum size of a molecular family was set to 100, and the lowest-scoring edges were removed from molecular families until the molecular family size was below this threshold. The spectra in the network were then searched against all GNPS’ spectral libraries. The library spectra were filtered in the same manner as the input data. All matches kept between network spectra and library spectra were required to have a score above 0.7 and at least 4 matched peaks.  Furthermore, in silico structural annotation prediction was performed using Sirius+CSI:FingerID6. Chemical class annotations were performed using deep neural networks in CANOPUS7 and followed the ClassyFire chemical ontology8. 



[bookmark: _Toc219218010]Supplementary Figures
[image: ]
[bookmark: _Toc219218011]Figure S1 | Age distribution of the sample. Histogram showing the age distribution of the study participants. The x-axis represents age in years, and the y-axis shows the frequency of individuals within each age group.
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[bookmark: _Toc219218012]Figure S2 | Prevalence of self-reported psychiatric diagnoses within the sample. The y-axis represents different psychiatric diagnoses, while the x-axis shows the proportion or number of individuals reporting each diagnosis. 
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[bookmark: _Toc219218013]Figure S3 | Model Selection and Cluster Validation for Archetype Analysis. (A) Scree plot of the minimized residual sum of squares (RSS) for k archetypes (k = 1 to 10) across 100 restarts of the archetype algorithm. The plot shows a plateau in intra-cluster variance reduction at k = 5. (B) The Calinski-Harabasz index supports this, indicating similar model fitness at thresholds of 0.5 and 0.6.
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[bookmark: _Toc219218014]Figure S4 | Silhouette Analysis of Clustering for Discrete Archetype Memberships. Silhouette analysis of clustering for individuals with a categorical archetype and the mixed archetype group. The analysis reveals that individuals with categorical archetype (greater than 0.5) for each of the five archetypes are well-clustered, whereas the mixed archetype group does not form a cohesive cluster.
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[bookmark: _Toc219218015]Figure S5 | Population Pyramid of Age Distribution by Discrete Archetype and Gender. This population pyramid displays the age distribution of males and females across each categorical archetype, as well as for the total cohort. The y-axis represents age groups, and the x-axis shows the number of individuals, separated by gender. 
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[bookmark: _Toc219218016]Figure S6 | Percentage of Individuals Pre/Post COVID19 Within Each Categorical Archetype. The x-axis shows each categorical archetype and the mixed group, whereas the y-axis shows the percentage of individuals with a self-reported psychiatric diagnosis. Blue bars: individuals sampled before the Danish COVID-19 lockdowns in March 2020; orange bars: individuals sampled after the Danish COVID-19 lockdowns.
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[bookmark: _Toc219218017]Figure S7 | Correlation Heatmap of Psychometric Variables. This heatmap displays Pearson’s correlation coefficients between psychometric variables, with shades of red and blue indicating the strength and direction of the correlations. Significant correlations are marked with asterisks: * for p<0.05, ** for p<0.01, and *** for p<0.001. Darker shades represent stronger correlations, with red indicating positive correlations and blue indicating negative correlations.


[bookmark: _Toc219218018][image: ]Figure S8 | Heatmap of associations between archetype scores and clustering variables. This heatmap shows the associations between archetype scores and clustering variables, with shades of red and blue indicating the strength and direction of the associations. Darker shades of red represent stronger positive associations, while darker shades of blue indicate stronger negative associations. The clustering variables are indicated in the legend and are color-coded to match the heatmap. Significant correlations are marked with asterisks: * for p<0.05, ** for p<0.01, and *** for p<0.001.
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[bookmark: _Toc219218019]Figure S9 | Strength of association between neuroimaging PGSs and archetype scores summarized using McFadden’s pseudo-R², reflecting model fit attributable to each PGS. Row-wise clustering was performed using complete linkage. Cell color indicates pseudo-R², while asterisks denote nominal statistical significance of the corresponding GLM coefficient (p < 0.05, uncorrected). 
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[bookmark: _Toc219218020]Figure S10 | Archetype-specific differences in circulating metabolites. Heatmaps display GLM-derived average marginal effects (AMEs) relating continuous archetype scores (A1–A5) to residual-normalized circulating metabolite abundances across all measured metabolomic features. Cell color reflects the magnitude and direction of the AME, corresponding to the expected change in archetype score per one standard deviation increase in metabolite abundance, adjusted for age and sex. Asterisks denote nominal statistical significance of the corresponding GLM coefficient (p < 0.05, uncorrected).
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[bookmark: _Toc219218021]Figure S11 | Spectral mirror plot of kynurenine (Feature ID 1801) retrieved from GNPS. Spectral similarity scores (cosine score) are shown in Table S10. Data were extracted using the metabolomics USI tool (http://metabolomics-usi.ucsd.edu/).
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[bookmark: _Toc219218022]Figure S12 | Spectral mirror plot of PC(19:1/0:0) (Feature ID 8287) retrieved from GNPS. Spectral similarity scores (cosine score) are shown in Table S10. Data were extracted using the metabolomics USI tool (http://metabolomics-usi.ucsd.edu/).
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[bookmark: _Toc219218023]Figure S13 | Spectral mirror plot of indole-3-lactic acid (Feature ID 2162) retrieved from GNPS. Spectral similarity scores (cosine score) are shown in Table S10. Data were extracted using the metabolomics USI tool (http://metabolomics-usi.ucsd.edu/).
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[bookmark: _Toc212802172][bookmark: _Toc219218024]Figure S14 | Spectral mirror plot of PC(0:0/18:1) (Feature ID 7451) retrieved from GNPS. Spectral similarity scores (cosine score) are shown in Table S10. Data were extracted using the metabolomics USI tool (http://metabolomics-usi.ucsd.edu/).
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[bookmark: _Toc219218025]Figure S15 | Spectral mirror plot of 1-octadecyl-2-acetyl-sn-glycero-3-phosphocholine (Feature ID 10368) retrieved from GNPS. Spectral similarity scores (cosine score) are shown in Table S10. Data were extracted using the metabolomics USI tool (http://metabolomics-usi.ucsd.edu/).
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[bookmark: _Toc219218026]Figure S16 | Psychiatric diagnoses count at baseline and follow-up in each categorical archetype. The x-axis shows each categorical archetype and the mixed group, whereas the y-axis shows the number of individuals with a self-reported psychiatric diagnosis. Solid colors: responses at baseline; striped colors: responses at follow-up.


[image: ]Figure S17 | Confusion matrices across feature sets.
Confusion matrices show predicted vs. true class proportions for eight feature configurations. Rows indicate true class ("No Diagnosis", "Diagnosis"); columns show predicted class. Cell values represent the proportion of the test set in each outcome. Panels correspond to: (A) All features - Biology + Psychometry; (B) All features - Biology; (C) All features - Psychometry; (D) Top 5 A1 score – Psychometry; (E) Top 10 A1+A5 scores – Psychometry; (F) Top 15 A1 score - Biology; (G) Top 30 A1+A5 scores - Biology; (H) Top 40 A1+A5 scores – Biology + psychometry



A
B

[image: A diagram of different colored dots

AI-generated content may be incorrect.][image: A diagram of different colored dots

AI-generated content may be incorrect.]
[bookmark: _Toc219218027]Figure S18 | Principal Component Analysis of Genetic Populations. Plots of the first three principal components from LDAK (A: PC1 and PC2, B: PC2 and PC3). Solid black circles represent 265 individuals from the Danish subset of CA18106 that donated DNA for the study. Samples from the 1000 genome project belonging to various genetic populations are presented with different colored circles: red = African (AFR), yellow = Ad Mixed American (AMR), blue = East Asian (EAS), purple = European (EUR), and green = South Asian (SAS).
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HippSubfield rh volume Whole hippocampal head (PMID33875891)
HippSubfield rh volume Whole hippocampus (PMID33875891)
| HippSubfield rh volume subiculum head (PMID33875891)
 aparc DKTatlas rh thickness posteriorcingulate (PMID33875891)
| HippSubfield rh volume presubiculum head (PMID33875891)
|aseg h volume VentralDC (PMID33875891)
| aseg rh volume VentralDC (PMID33875891)
Brainstem global volume Midbrain (PMID33875891)
aseg th volume Hippocampus (PMID33875891)
IDP dMRI ProbtrackX ISOVF ml | (PMID33875891)
aparc DKTatlas Ih thickness rostraimiddiefrontal (PMID33875891)
~ ThalamNuclei Ih volume AV (PMID33875891)
| ThalamNuclei Ih volume LD (PMID33875891)
*  ThalamNuclei Ih volume LP (PMID33875891)
| aparc DKTatlas Ih thickness fusiform (PMID33875891)
ThalamNuclei th volume PuM (PMID33875891)
ThalamNuclei th volume MGN (PMID33875891)
aparc DKTatlas Ih area caudalmiddiefrontal (PMID33875891)
aparc DKTatlas Ih volume caudalmiddiefrontal (PMID33875891)
aparc DKTatlas Ih thickness lateraloccipital (PMID33875891)
|aseg global intensity CC Anterior (PMID33875891)
IDP dMRI TBSS MO Retrolenticular part of internal capsule R (PMID33875891)
ThalamNuclei th volume LD (PMID33875891)
ThalamNuclei th volume CL (PMID33875891)
| ThalamNuclei th volume LP (PMID33875891)
|| * | ThalamNuclei Ih volume PuM (PMID33875891)
IDP dMRI TBSS L2 Inferior cerebellar peduncle L (PMID33875891)
aparc DKTatlas rh thickness parstriangularis (PMID33875891)
|| IDP dMRI TBSS MO Inferior cerebellar peduncle L (PMID33875891)
aparc DKTatlas rh area precentral (PMID33875891)
IDP dMRI TBSS OD Inferior cerebellar peduncle L (PMID33875891)
|| IDP dMRI ProbtrackX OD cst r (PMID33875891)
|IDP dMRI ProbtrackX OD ilfI (PMID33875891)
AmygNuclei rh volume Paralaminar nucleus (PMID33875891)
| aparc DKTatlas Ih volume entorhinal (PMID33875891)
|IDPtfMRI 90th percentile BOLD faces shapes amygdala (PMID33875891)
* | IDP dMRI ProbtrackX L1 ifo | (PMID33875891)
IDP dMRI TBSS L1 Posterior thalamic radiation R (PMID33875891)
| AmygNuclei th volume Medial nucleus (PMID33875891)
IDP dMRI TBSS OD Posterior thalamic radiation R (PMID33875891)
|IDP dMRI TBSS MO Posterior limb of internal capsule R (PMID33875891)
- | |IDP dMRI TBSS MD Sagittal stratum R (PMID33875891)
| |IDP dMRI ProbtrackX OD sif r (PMID33875891)
IDP dMRI TBSS L1 Posterior corona radiata L (PMID33875891)
- |IDP dMRI TBSS ISOVF Superior longitudinal fasciculus L (PMID33875891)
| | aseg global volume non WM hypointensities (PMID33875891)
* | IDP dMRI ProbtrackX ISOVF sif | (PMID33875891)
|| aparc DKTatlas rh thickness superiorparietal (PMID33875891)
aparc DKTatlas th volume precentral (PMID33875891)
aparc DKTatlas Ih volume posteriorcingulate (PMID33875891)
IDP dMRI TBSS OD Posterior thalamic radiation L (PMID33875891)
| IDP tMMRI 90th percentile zstat faces shapes amygdala (PMID33875891)
IDP tfMRI median zstat faces shapes amygdala (PMID33875891)
IDP tMRI median BOLD faces shapes amygdala (PMID33875891)
IDP dMRI ProbtrackX L1 ifo r (PMID33875891)
| aseg rh volume Cerebellum White Matter (PMID33875891)
| aparc DKTatlas Ih volume parsorbitalis (PMID33875891)
IDP dMRI TBSS OD Fornix cres Stria terminalis R (PMID33875891)
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