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Abstract

Multiple sclerosis (MS) diagnosis relies on MRI lesion assessment, but qualitative approaches suffer from inter-observer
variability, and advanced quantitative methods lack standardization, integrated longitudinal analysis capability, and clinical
interpretability. This study aims to develop and validate a deep learning framework for automated multi-parametric quantitative
characterization and longitudinal monitoring of MS lesions. T2-FLAIR data from 300 MS patients were analyzed using conditional
generative adversarial networks (cGAN). The framework implements context-aware lesion refinement and neuroanatomically-
informed classification to distinguish between periventricular, juxtacortical, and paraventricular hyperintensities. Multi-parametric
analysis quantifies lesion features including count, area, and location, while the temporal analysis system enables automatic
integration of multi-timepoint data and longitudinal change tracking. The framework achieved excellent correlation with expert
assessments (r = 0.975-0.989, MAE = 0.7-1.7), and workflow efficiency improved with a 73.9% reduction in analysis time (p <
0.01). This framework bridges advanced image analysis, automated longitudinal monitoring, and clinical application, providing
standardized metrics aligned with McDonald 2017 criteria for assessing disease progression over time.
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1. Short Introduction

Multiple sclerosis (MS) affects approximately 2.8 million people worldwide and involves heterogeneous pathological
mechanisms leading to demyelination and neurodegeneration. MS diagnosis and monitoring rely heavily on MRI, yet qualitative
radiological assessment suffers from significant inter- and intra-observer variability, especially for longitudinal monitoring.
Automated deep learning approaches have advanced lesion segmentation, but systematic integration of multi-parametric
characterization with longitudinal analysis and clinical interpretability in a single framework remains a challenge that the present
work addresses.

2. Proposed Work

The framework processes T2-FLAIR MRI through preprocessing (noise reduction, brain extraction, intensity normalization),
then dual cGAN models (pix2pix/U-Net architecture) produce initial segmentation masks. A context-aware lesion refinement
algorithm resolves boundary ambiguities via spatial adjacency and geodesic distance analysis, followed by neuroanatomically-
informed classification into periventricular, juxtacortical, and paraventricular categories. Five-domain quantification (count, area,
penetration depth, hemispheric position, signal intensity) and an automated temporal analysis module enable longitudinal
monitoring. Clinical validation with 3 neuroradiologists on 9 cases yielded r=0.975-0.989 across all lesion categories, 73.9%
reduction in analysis time (p <0.01), and consensus expert rating of 9.0+0.0/10 for clinical readiness.

3. Conclusion

The proposed end-to-end deep learning framework automates multi-parametric quantitative characterization and longitudinal
monitoring of MS lesions, achieving correlation coefficients above 0.975 in all neuroanatomical categories while reducing analysis
time by 73.9%. The framework provides standardized, reproducible metrics aligned with McDonald 2017 criteria with a readiness
rating of 9.0/10 from expert neuroradiologists, with implications for precision medicine and clinical trial optimization.
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