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Predicting spatial gene expression from H&E by modeling image–gene hierarchies in hyperbolic space



HyperST: Hierarchical Hyperbolic Learning for Spatial Transcriptomics Prediction

Background: Spatial Transcriptomics Links Morphology and Molecular States

Ståhl, Patrik L., et al. "Visualization and analysis of gene expression in tissue sections by spatial transcriptomics." Science 353.6294 (2016): 78-82.
Williams, Cameron G., et al. "An introduction to spatial transcriptomics for biomedical research." Genome medicine 14.1 (2022): 68.

lCombines histopathology morphology 
with spatially resolved gene expression

lReveals tissue heterogeneity and 
cellular microenvironment

lEnables richer biological interpretation 
beyond morphology alone
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Background: ST Is Powerful, but Hard to Scale

Choe, Kyongho, et al. "Advances and challenges in spatial transcriptomics for developmental biology." Biomolecules 13.1 (2023): 156.
Zhang, Linlin, et al. "Clinical and translational values of spatial transcriptomics." Signal Transduction and Targeted Therapy 7.1 (2022): 111.
Wang, Chuhan, et al. "Benchmarking the translational potential of spatial gene expression prediction from histology." Nature Communications 16.1 (2025): 1544.
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Background: Challenge in H&E-to-ST Prediction 

1.Visual–molecular mismatch: visually similar spots 
may show distinct gene expression patterns.

2.Neglected hierarchy: existing methods mainly align 
spot-level image–gene pairs and overlook niche-level 
context.

3.Flat embedding limitation: Euclidean spaces poorly 
capture the hierarchical relationships among spot, 
niche, image, and gene representations

Fujii, Masayuki, Shigeki Sekine, and Toshiro Sato. "Decoding the basis of histological variation in human cancer." Nature Reviews Cancer 24.2 (2024): 141-158..
Pizurica, Marija, et al. "Digital profiling of gene expression from histology images with linearized attention." Nature Communications 15.1 (2024): 9886.
Jaume, Guillaume, et al. "Modeling dense multimodal interactions between biological pathways and histology for survival prediction." Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition. 2024.
Desai, Karan, et al. "Hyperbolic image-text representations." International Conference on Machine Learning. PMLR, 2023.
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Method: HyperST Framework 

Learning multi-level image–gene representations in hyperbolic space

Three labels:
1. Multi-level extraction: Spot / niche features from 

images and gene profiles

2. Hyperbolic alignment: Contrastive alignment + 
entailment hierarchy

3. Gene decoder: Predict spot-level gene expression 
from H&E
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Method: Hierarchical Hyperbolic Alignment (HHA) 

HHA consists of two complementary objectives:

Hierarchical Contrastive Alignment (HCA):

l Align image and gene representations across spot and niche levels in 
hyperbolic space.

Hierarchical Entailment Alignment (HEA):

l  Impose information-based hierarchy: spot → niche 
and image → gene.
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Experimental: Overall Performance

HyperST outperforms state-of-the-art methods by explicitly modeling multi-level image–gene hierarchy.

Chung, Youngmin, et al. "Accurate spatial gene expression prediction by integrating multi-resolution features." Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition. 2024.
He, Bryan, et al. "Integrating spatial gene expression and breast tumour morphology via deep learning." Nature biomedical engineering 4.8 (2020): 827-834.
Xie, Ronald, et al. "Spatially resolved gene expression prediction from histology images via bi-modal contrastive learning." Advances in Neural Information Processing Systems 36 (2023): 70626-70637
Zhu, Sichen, et al. "Diffusion generative modeling for spatially resolved gene expression inference from histology images." arXiv preprint arXiv:2501.15598 (2025)..
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Experimental: Biomarker Visualization

Visualization maps validate prediction quality

Turner, Michael, and Natalie Staplin. "UMOD-ulating CKD risk: untangling the relationship between urinary uromodulin, blood pressure, and kidney disease." Kidney international 100.6 (2021): 1168-1170.
Barua, Moumita, et al. "Exome sequencing and in vitro studies identified podocalyxin as a candidate gene for focal and segmental glomerulosclerosis." Kidney international 85.1 (2014): 124-133.
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Experimental: Alignment Ablation

Desai, Karan, et al. "Hyperbolic image-text representations." International Conference on Machine Learning. PMLR, 2023.
Radford, Alec, et al. "Learning transferable visual models from natural language supervision." International conference on machine learning. PmLR, 2021.

Ablations validate the hierarchy-aware design.
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