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Abstract: (Limit: 250 words maximum) 
Background: Stromal remodeling plays a critical role in tumor development, yet its morphological and molecular manifestations remain poorly characterized across large histopathology datasets. Traditional manual assessment is limited by observer bias and the high variability of tissue patterns. With the increasing availability of whole-slide images (WSIs), machine-learning approaches offer scalable solutions to identify reproducible stromal signatures relevant to diagnosis and prognosis. Materials and Methods: We analyzed 820 WSIs from colorectal cancer cohorts using a standardized tiling pipeline (512×512 px). Each tile was processed through a pretrained convolutional neural network to extract deep morphological embeddings. Tiles were subsequently clustered into stromal phenotypes using unsupervised algorithms. Clinical and molecular annotations from matched datasets were integrated to evaluate associations between stromal clusters, tumor stage, and inflammatory markers. Classifier performance was assessed through cross-validation, and key regions were visualized using heatmaps and attention maps. Results: Unsupervised clustering identified four recurrent stromal signatures, including a highly inflamed subtype characterized by dense lymphocytic infiltration. This subtype showed a strong association with elevated IL33/IL1RL1 expression (p < 0.001) and advanced tumor border activity. The machine-learning classifier achieved an accuracy of 0.89 in distinguishing stromal phenotypes across cohorts. Spatial heatmaps demonstrated reproducible enrichment of specific stromal clusters at the tumor–stroma interface, supporting their role in neoplastic progression. Conclusion: Our findings demonstrate that machine-learning analysis of WSIs can robustly capture distinct stromal signatures linked to immune activity and tumor evolution. This framework has the potential to enhance computational pathology workflows by enabling automated characterization of tumor microenvironment features at scale. Future work will extend this approach to multi-center datasets and integrate transcriptomic profiling for improved biological interpretability.
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