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Single-cell and spatial transcriptomics enable high-resolution
characterization of cellular states, but standard analyses often
rely on Euclidean or log-transformed distances that distort
cell-to-cell relationships. Euclidean distances on normalized
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counts overemphasize highly expressed genes, while log transfor-
mations amplify qualitative on/off differences and are sensitive
to sequencing depth.

To overcome these limitations, we introduce GAIA (Geometric
Analysis from an Information Aspect), an information-geometric
framework that models each cell as a multinomial distribution
over genes. Distances between cells are measured using the
Fisher-Rao metric, which reduces to angular distances on a unit
hypersphere after a square-root transformation. This geodesic
approach provides a principled, interpretable, and computation-
ally efficient similarity measure.

GAIA naturally reconciles qualitative and quantitative gene
expression variation: subtle quantitative changes correspond
to smooth displacements along the manifold, while qualitative
transitions induce larger geodesic separations. It preserves robust
and consistent cell-to-cell relationships, mitigates sequencing-
depth effects and reduces the need for labor-intensive gene
selection. In spatial transcriptomics, GAIA amplifies nuanced
transcriptomic differences between spots, improving domain
segmentation. Overall, GAIA offers a knowledge-lean, variance-
stabilizing framework for analyzing single-cell and spatial tran-
scriptomic data, enhancing the resolution of cell type and state
identification.
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