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A Novel Phenotyping Method for Three-dimensional Tubular Structures
Based on Toroidal Harmonic Analysis

Koji NOSHITA*

Quantitative evaluation of three-dimensional (3D) morphology is essential across various fields, yet its
application to complex biological structures remains limited. While spherical harmonic analysis has been
widely used for 3D shape quantification, it is restricted to structures topologically equivalent to a sphere
(genus 0) and cannot be applied to tubular structures such as blood vessels (genus 1 or higher). In this
study, we developed a phenotyping method for 3D tubular structures using toroidal harmonic analysis.
The method represents the surface coordinates of a tubular structure as a two-dimensional Fourier series
in a toroidal coordinate system, enabling quantitative shape description via the estimated coefficients. We
validated the method by generating and reconstructing virtual morphologies with varying aspect ratios and
confirmed that shapes can be accurately reconstructed from the coefficients. Furthermore, we constructed
a quantification pipeline and performed principal component analysis on the estimated coefficients to
construct a morphospace, demonstrating that the principal components capture the major morphological
variation among tubular structures. We are currently extending this framework to other structures with
different topological characteristics using eigenfunction expansion based on harmonic functions defined
on the surfaces.
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