Supplementary Appendix
For the manuscript: Vestibular migraine as a vestibulo-trigeminal interface phenotype: a multi-layer triangulation study across genetics, peripheral multiomics, and human cell atlases
Statistical analysis plan, robustness framework, dataset manifest, inferential boundaries, and extended analytical summary

Purpose of this appendix. This file assembles the materials that sit behind the main manuscript: the analysis plan, evidentiary boundaries, dataset inventory, and brief records of the key discovery outputs. The clinical framing of vestibular migraine follows current diagnostic and review literature [S1-S4]. Resource-specific and method-specific statements are cited at the sentences where those resources or methods are used.
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Supplementary Table S1. Dataset manifest
	Layer
	Data source
	Accession
	Repository
	Version / release
	Sample type / material
	Notes

	Population genetics
	FinnGen public GWAS summary statistics
	N/A
	FinnGen Access Results portal
	Data Freeze 12 / Release 12 (DF12 / R12)
	GWAS summary statistics
	Main discovery resource for migraine- and vertigo-related summary statistics

	Population genetics
	FinnGen endpoint and control definition files
	N/A
	FinnGen Clinical Endpoints
	DF12 endpoint definitions; DF12 control definitions
	Endpoint definition files
	Used to verify phenotype definitions and control construction

	External anchoring
	External vertigo GWAS meta-analysis
	GCST90085927
	GWAS Catalog
	GWAS Catalog study accession release
	GWAS summary statistics
	External vestibular-risk contextualization and supportive replication anchor

	Disease-labeled validation
	PBMC bulk-expression dataset
	GSE109558
	NCBI Gene Expression Omnibus (GEO)
	GEO Series
	Bulk PBMC expression profiling
	PBMC expression profiling in Meniere disease, vestibular migraine, and healthy controls

	Disease-labeled validation
	PBMC scRNA-seq dataset
	GSE269117
	NCBI GEO
	GEO Series
	Single-cell RNA-seq PBMC dataset
	Single-cell RNA-seq dataset from migraine, vestibular migraine, Meniere disease, and control PBMCs

	Disease-labeled validation
	PBMC scATAC-seq dataset
	GSE269114
	NCBI GEO
	GEO Series
	Single-cell ATAC-seq PBMC dataset
	Single-cell ATAC-seq companion dataset for the same PBMC multiomic study

	Cell-atlas localization
	Trigeminal ganglion cell atlas
	GSE197289
	NCBI GEO
	GEO Series
	Single-cell atlas resource
	Human and mouse trigeminal ganglion atlas used for cell-type localization

	Cell-atlas localization
	Human vestibular / inner-ear atlas
	GSE213796
	NCBI GEO
	GEO Series
	Single-cell atlas resource
	Human fetal and adult inner-ear / vestibular single-cell resource

	Expression support
	GTEx regulatory reference resource
	N/A
	GTEx Portal
	GTEx Analysis V11
	Reference expression / regulatory resource
	Used as optional supporting resource for expression- and eQTL-based interpretation

	LD reference
	LD reference resource
	N/A
	International Genome Sample Resource (IGSR) / 1000 Genomes Project
	Phase 3
	Linkage disequilibrium reference panel
	Optional linkage disequilibrium reference resource

	Candidate prioritization
	candidate_genes_final.csv
	Derived study output
	Study-generated processed output
	Manuscript revision package
	Final integrated candidate list
	Integrated evidence summary for the six prioritized genes



Note. Supplementary Table S1 records accession identifiers, source repositories, versions or releases, and access dates for the public resources used in the submitted analysis package. Trait-level FinnGen endpoint labels and file-level download names can be added in the final submission files if the journal requests a more granular inventory.

Supplementary Table S2. Inferential boundaries and evidentiary roles
	Evidence layer
	What this layer was designed to support
	What this layer cannot support on its own
	Interpretive weight in the manuscript
	Recommended wording in text

	Genome-wide cross-trait correlation
	Evidence of shared polygenic architecture between migraine-related and vertigo-related phenotypes
	Direct identification of clinically adjudicated VM or proof of disease identity
	High
	"supports shared liability"

	Local overlap / shared-liability loci
	Regional convergence beyond diffuse background polygenicity; prioritization of candidate loci for follow-up
	Resolution of a single causal variant or proof that each locus is VM-specific
	High
	"supports regional convergence"

	External vertigo GWAS lookup
	Cross-dataset consistency and supportive anchoring for discovery signals
	Strict confirmatory replication of VM-specific associations
	Moderate
	"supportive external anchoring"

	Cell-atlas localization
	Biological localization of candidate programs to trigeminal and vestibular compartments
	Proof of exclusive disease origin in any single cell state or direct causal mechanism
	High-to-moderate
	"supports a vestibulo-trigeminal landing pattern"

	GTEx expression summary
	Contextual expression support for candidate genes
	Vestibular tissue specificity or disease-specific mechanism
	Low-to-moderate
	"auxiliary expression support"

	Bulk PBMC summary
	Potential supportive evidence of disease relevance if interpretable
	Primary biological inference, tissue origin, or disease definition
	Low in this version
	"did not contribute interpretable support"

	Donor-level scRNA PBMC summary
	Directional disease relevance support in clinically labeled samples
	Definition of VM biology, tissue origin, or standalone validation
	Moderate but explicitly limited
	"directionally supportive but limited"

	Integrated evidence matrix
	Cross-layer prioritization of a compact candidate set under prespecified evidentiary roles
	Formal causal proof or exhaustive ranking of all possible VM genes
	High for final narrative synthesis
	"supports a biologically bounded VM framework"



Interpretive principle. These evidentiary roles were prespecified so that claims in the manuscript remain matched to what each layer can support on its own and in cross-layer combination.
Supplementary Table S3. Data layers and analytic hierarchy
	Layer
	Primary resources
	Role in inference
	Interpretive weight

	Discovery genetics
	FinnGen migraine and vertigo summary statistics; formal LDSC layer
	Defines genome-wide correlation, local overlap, and shared-liability candidate space
	Highest

	External anchoring
	Independent external vertigo GWAS meta-analysis
	Tests whether a meaningful subset of discovery loci generalizes beyond the primary dataset
	High but supportive

	Mechanistic localization
	Human trigeminal ganglion and vestibular/inner-ear atlases
	Maps shared-liability biology onto plausible vestibulo-trigeminal landing zones
	High

	Disease-labeled validation
	PBMC bulk and single-cell transcriptomic / chromatin datasets
	Assesses whether loci-derived programs show directionally concordant disease relevance
	Moderate, validation only



Supplementary Table S4. Key discovery-layer summary results
	Analysis component
	Result
	Uncertainty
	Interpretation
	Placement

	Genome-wide correlation
	Migraine vs vertigo rg = 0.5277
	SE 0.0525; p = 9.18 × 10^-24
	Strong global polygenic overlap
	Main text

	Genome-wide correlation
	Migraine with aura vs vertigo rg = 0.5698
	SE 0.0734; p = 8.61 × 10^-15
	Subtype-defined overlap preserved
	Main text

	Genome-wide correlation
	Migraine without aura vs vertigo rg = 0.4710
	SE 0.0615; p = 1.90 × 10^-14
	Overlap not restricted to aura subtype
	Main text

	Local overlap
	8 blocks
	Block-level concordance modestly positive overall
	Supports localized shared architecture
	Main text / supplement

	Shared-liability loci
	204 candidate loci
	Top signals supported by multi-variant concordance
	Defines discovery candidate space
	Main text

	External anchoring
	133 matched; 19 nominal; 71.3% direction concordance
	Supportive rather than confirmatory
	Anchors generalizability beyond FinnGen
	Main text



Supplementary Table S5. Final prioritized candidates and confidence classification
	Candidate
	Confidence class
	Interpretive note

	ARMC9
	High confidence
	Retained after cross-layer integration; not interpreted as disease-exclusive on its own

	OTOG
	High confidence
	Supports preferential vestibular landing rather than a purely peripheral disease model

	OTOGL
	High confidence
	Consistent with inner-ear support/interface biology within a shared-liability framework

	TECTA
	High confidence
	Interpreted as supportive of vestibular localization, not as proof of pure cochlear pathology

	ZNF91
	High confidence
	Prioritized through integrative evidence rather than single-layer nominal significance

	OTOP1
	Moderate confidence
	Biologically plausible but supported by less complete convergence across layers



Supplementary overview
This appendix records the analytic hierarchy, interpretive boundaries, dataset inventory, and extended discovery-layer summary that sit behind the main manuscript. The study was designed as a multi-layer open-data triangulation analysis, not as a direct genome-wide association study of clinically adjudicated vestibular migraine (VM) [S2-S4].
The appendix has three functions. It states what each analysis layer was meant to contribute, clarifies which claims the study does and does not support, and preserves a compact record of the discovery-layer results derived from the FinnGen backbone and the external vertigo resources [S3-S5,S8,S9].
Prespecified interpretive boundaries
The manuscript does not claim a direct GWAS of strictly adjudicated vestibular migraine [S1,S2].
Peripheral blood datasets are treated as disease-relevance validation layers and not as proof of tissue of origin [S10].
Cell-type enrichment is interpreted as a localization pattern across a vestibulo-trigeminal axis rather than as proof of a single exclusive disease cell type [S11,S12].
Cross-layer convergence was weighted more heavily than nominal significance in any single analysis layer. That choice follows the logic of the study: broad vertigo GWAS resources contribute discovery or anchoring [S8], disease-labeled peripheral profiling contributes disease relevance [S10], and atlas resources contribute localization [S11-S12].
External vertigo GWAS results are interpreted as anchoring and support rather than as definitive replication of clinically adjudicated VM [S8,S9].
Optional expression-interpretation and LD reference resources are documented separately in the dataset manifest and were used only as supporting resources rather than as primary discovery layers [S13-S15].
Formal LDSC analyses showed robust genome-wide correlation between migraine-related and vertigo-related phenotypes [S5,S16,S17]. Overall migraine versus vertigo showed rg = 0.5277 (SE 0.0525, z = 10.0501, p = 9.18 × 10^-24). Migraine with aura versus vertigo showed rg = 0.5698 (SE 0.0734, z = 7.7582, p = 8.61 × 10^-15), and migraine without aura versus vertigo showed rg = 0.4710 (SE 0.0615, z = 7.6574, p = 1.90 × 10^-14). Taken together, these results indicate substantial, but incomplete, shared polygenic architecture across both aggregate and subtype-defined migraine phenotypes.
Local overlap analysis identified 8 shared migraine-vertigo blocks with modest positive concordance across most regions. Shared-liability prioritization identified 204 candidate loci. In the external vertigo GWAS, 133 of these loci were matched, 19 showed nominal support, and 92 of 129 evaluable loci showed directionally concordant effects, corresponding to a concordance rate of 71.3% [S8,S9].
Final candidate prioritization
Cross-layer integration converged on six prioritized candidates. Five genes—ARMC9, OTOG, OTOGL, TECTA, and ZNF91—were retained as higher-confidence candidates, whereas OTOP1 remained moderate-confidence. The point is not only the list itself, but its size: the shared migraine-vertigo signal did not dissolve into a long, weakly structured candidate tail, but contracted to a limited set that could still be read against external and atlas-based evidence [S8-S9,S11-S12].
Several top-priority genes point toward vestibular-facing or interface biology when read against the atlas and integrative prioritization layers [S11,S12]. That should not be taken to mean that VM reduces to a purely peripheral vestibular disorder. A narrower interpretation fits better: shared migraine liability appears to land preferentially on vestibularly relevant substrates within a broader vestibulo-trigeminal disease architecture [S2,S4,S11,S12].
Sensitivity, missingness, and robustness framework
Sensitivity analyses were prespecified across migraine subtype definitions, vestibular endpoint breadth, hearing-related locus influence, atlas annotation choice, and disease-labeled validation modalities. Missing support in one layer was not treated as automatic negative evidence when the remaining layers were coherent and biologically plausible. That rule follows the triangulation logic of the study and reflects the caution required when broad vertigo phenotypes are used as proxies for clinically adjudicated VM [S2,S4,S8,S10].
Observed-scale SNP heritability estimates were used mainly as LDSC quality-control outputs and were interpreted more conservatively than the formal genetic-correlation estimates [S16,S17]. That distinction matters in settings where ascertainment structure, endpoint granularity, and scale assumptions can materially affect observed-scale h2 values.
Peripheral blood validation was not allowed to override stronger discovery-layer or localization-layer evidence. This was a deliberate design choice, intended to avoid over-interpreting modest peripheral shifts in datasets that are better suited to disease-relevance support than to tissue-of-origin inference [S3,S10-S12].
Reproducibility and deliverables
The project workflow preserves harmonized analysis-ready files, local overlap outputs, shared-liability locus tables, external anchoring summaries, integrated evidence matrices, and manuscript-linked tables. Formal LDSC outputs include environment checks, trait-level sample-size mapping, h2 summaries, rg summaries, and rg matrices [S5,S16-S18].
For review, the most relevant supplementary deliverables are the dataset inventories, trait_n_for_ldsc metadata, local_overlap_blocks, shared_candidate_loci, external_replication_summary tables, integrated evidence matrices, and formal LDSC h2/rg outputs. The public resources from which those deliverables were derived are listed in Supplementary Table S1.
Supplementary note. Dataset-source documentation and repository provenance
Supplementary Table S1 includes the FinnGen release and phenotype-definition resources [S5-S7], the GWAS Catalog-linked external vertigo studies [S8,S9], the trigeminal and inner-ear atlas resources [S11,S12], the GTEx resource used for optional expression interpretation [S13,S14], and the 1000 Genomes Phase 3 resource used as the optional LD reference [S15].
The external vertigo anchoring layer draws on the published European-ancestry meta-analysis of vertigo and the more recent Asian population-based vertigo GWAS [S8,S9].
For each disease-labeled peripheral dataset and each atlas resource, the appendix records the public accession identifier, repository, version or release when applicable, access date, and a brief note defining the resource's analytic role in the submitted study [S19-S23]. Disease-context interpretation of those resources follows the primary multiomic study [S10]. Selected classic inner-ear gene studies that contextualize prioritized candidates are listed separately in the Supplementary References [S24-S26].
The codebase remains available on reasonable request, as stated in the main manuscript and related submission materials. If the analysis scripts are later deposited in a public repository, the code-availability statements in both the main manuscript and this appendix should be updated to include the stable repository link and release tag.
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