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1. Introduction 
Digital twins hold great promise for transforming modern healthcare by enabling predictive, individualized simulations that inform diagnosis and treatment. In this context, the GEMINI project [1] aims to create a new generation of multi-scale digital twins for patients suffering from ischemic and hemorrhagic stroke. A critical pillar of the project is ensuring the reliability and credibility of these digital models, particularly in clinical settings where robust decisions depend on model quality.
1. Description of the problem 
While high-fidelity models exist for various physiological systems, their translation into digital twin systems requires rigorous testing to guarantee validity. In complex simulations, errors can arise from numerical methods, parameter uncertainty, or model assumptions. The Verification, Validation, and Uncertainty Quantification (VVUQ) [2] processes are therefore essential for assessing model credibility and quantifying confidence in their predictions, especially when models influence therapeutic decisions.
1. Related work 
The need for systematic VVUQ processes is increasingly recognized within the digital twin community, including in projects like In Silico World [3] or EDITH [4]. However, many existing pipelines still struggle with scalability and reproducibility, especially when faced with new use cases or when applied to large patient cohorts and HPC environments. Sano, in GEMINI, aims to bridge this gap by integrating modular and scalable VVUQ workflows directly into its simulation framework.
1. Solution to the problem
As part of the project, Sano leads a dedicated effort to design and implement a VVUQ methodology aligned with the overall GEMINI digital twin pipeline. This includes:
· Implementation of automation tools (e.g., EasyVVUQ [5] and Dask [6]) for running large-scale uncertainty and sensitivity analyses [Fig.3]. 
· Integration with HPC platforms (via SLURM, MPI, Dask) for scalable deployment across thousands of simulations [Fig.2].
· Tracking and storing simulation metadata, reproducibility, and versioning (Model Execution Environment [7]) [Fig.1]. to comply with future certification standards.
Multiple generic execution solutions have been proposed to manage simulation runs across multiple models and patient cohorts, supporting reproducible VVUQ experimentation.
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Fig.2. Massively parallel study diagram using SLURM array job.

Fig.1. MEE campaign management view for a cohort of patients.
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Fig.3. General workflow diagram for UQ/SA experiments using EasyVVUQ and Dask.
1. Conclusions and future work
Sano’s work in GEMINI lays the foundation for trustworthy and certifiable medical digital twins. By embedding reproducible VVUQ workflows into the digital twin lifecycle and validating them on stroke-related models, we contribute a critical building block for future clinical adoption. The next steps involve tighter integration with clinical and data partners, further automation, and simulation workflow optimization. 
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