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Bugeon et al. (Nature, 2022)

Multimodal data for decoding 

brain function: neural activity, 

behaviors, stimulus, gene…

1. Neuroscience relies on multimodal data analysis



Sensory cortex (e.g., Visual cortex) Motor cortex (e.g., PMd)

Predictive modeling (digital twin)

Walker et al. (Nat. Neurosci., 2019) Gallego et al. (Nat. Neurosci., 2020)

Behavioral decoding

2. Modeling paradigms vary across cortical regions

Computational modeling fundamentally involves aligning neural activity 
patterns with their corresponding behaviors.



3. Inherent challenges in unified modeling

Cross-trials variability Cross-session variability Cross-subject variability

The inherent one-to-many correspondence between behavior and 
neural activity at the raw data level presents a theoretical barrier to 
establishing deterministic mathematical relationships.



4. Our probabilistic representation modeling paradigm

1. Adopt probabilistic representation modeling instead of seeking deterministic 
bijective mappings.

2. Strengthen representation learning through reconstruction constraints to prevent 
representational collapse.



5. Theoretical advantages of the alignment modeling

Note: property (iii) addresses the 
inherent neural variability associated 
with identical behavioral outputs by 
maximizing representational similarity 
while preserving biological diversity.

Theoretical results show that the
representation alignment paradigm is 
optimal for computational modeling.



6. Alignment results of latent representation modeling

Our probabilistic representation 
alignment framework achieves 
optimal alignment performance.



7. Preserved neural representations emerge

Using a data-driven paradigm, we provide evidence that preserved 
neural representations persist across novel subjects, thereby 
strengthening the findings of Safaie et al. (2023, Nature).



8. Preserved Neural Representations broadly exist

We further identified preserved neural representations in mouse 
somatosensory cortex, extending the conclusions of Safaie et al. (2023, 
Nature).



9. Conclusion

• Unified Framework: We introduce a probabilistic 
representation alignment paradigm applicable 
across cortical regions.

• Theoretical Optimization: Our framework ensures 
maximum biological plausibility through 
theoretical constraints.

• Clinical Impact: We extend Safaie et al. findings 
and demonstrate zero-shot BCI potential using 
preserved V1 representations.
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