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ABSTRACT: Vaccines are biological medicinal products for which shelf life is typically established according to
regulatory guidance such as ICH Q1E. However, these approaches may be inadequate for biologics, which
frequently exhibit complex, non-linear and multi-step degradation pathways. In addition, conventional stability
requirements relying on long-term studies can delay shelf-life determination and limit responsiveness in
contexts such as pandemic preparedness or rapid platform development.

To address these limitations, we developped predictive approaches enabling the extrapolation of long-term
vaccine stability from short-term accelerated studies. We implemented Advanced Kinetic Modeling (AKM) within
a Bayesian hierarchical framework to model vaccine degradation as a function of time and temperature. The
approach relies on Arrhenius-based thermokinetic models derived from truncated Sestdk—Berggren equations,
solved numerically through ordinary differential equations (ODEs), allowing the representation of a wide range
of degradation behaviors, including multi-step and autocatalytic mechanisms.

A key extension proposed in this work is the integration of batch-to-batch and analytical variability through
hierarchical modeling, enabling predictions that generalize to future production rather than only to observed
lots. Bayesian inference allows the propagation of parameter uncertainty, variability and residual error within a
single coherent framework, providing confidence and prediction intervals as well as the probability of
specification compliance over time. This probabilistic metric supports risk-based decision making and enables
the derivation of practical quantities such as shelf life, Internal Release Limits, and the quantitative assessment
of temperature excursion impacts.

The methodology was applied to multiple industrial vaccine datasets covering diverse product types and
degradation profiles. Case studies demonstrate that AKMs can accurately describe complex stability behaviors
and provide robust extrapolation from short-term accelerated data, while hierarchical extensions yield more
realistic uncertainty quantification compared with fixed-effects implementations. Bayesian hierarchical AKMs
provide a flexible and scientifically robust alternative to conventional stability analysis and has the potential to
accelerate shelf-life determination, improve predictive accuracy, and enhance regulatory decision making for
vaccine development and lifecycle management.
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