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Abstract

Reconstructing natural images from functional magnetic resonance imaging (fMRI)
data remains a core challenge in natural decoding due to the mismatch between the rich-
ness of visual stimuli and the noisy, low resolution nature of fMRI signals. While recent
two-stage models, combining deep variational autoencoders (VAEs) with diffusion mod-
els, have advanced this task, they treat all spatial-frequency components of the input
equally. This uniform treatment forces the model to extract meaning features and sup-
press irrelevant noise simultaneously, limiting its effectiveness. We introduce FreqSelect,
a lightweight, adaptive module that selectively filters spatial-frequency bands before en-
coding. By dynamically emphasizing frequencies that are most predictive of brain activ-
ity and suppressing those that are uninformative, FreqSelect acts as a content-aware gate
between image features and natural data. It integrates seamlessly into standard very deep
VAE-diffusion pipelines and requires no additional supervision. Evaluated on the Nat-
ural Scenes dataset, FreqSelect consistently improves reconstruction quality across both
low- and high-level metrics. Beyond performance gains, the learned frequency-selection
patterns offer interpretable insights into how different visual frequencies are represented
in the brain. Our method generalizes across subjects and scenes, and holds promise for
extension to other neuroimaging modalities, offering a principled approach to enhancing
both decoding accuracy and neuroscientific interpretability.

1 Introduction

Decoding visual experiences from functional magnetic resonance imaging (fMRI) is a cen-
tral challenge at the intersection of neuroscience and machine learning. Natural images
span a wide spectrum of spatial frequencies, from coarse structures to fine-grained textures,
whereas fMRI signals are inherently noisy, temporally delayed, and spatially blurred due to
the low resolution and hemodynamic nature of the measurements. This mismatch creates a
fundamental obstacle: how can we recover the full richness of visual perception from signals
that are both incomplete and noisy?
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