
Linguistic

Brain Decoding



What is Brain Decoding?

• Can we reconstruct the stimulus, 
given the brain response? 

• Can you read the mind from fMRI 
responses!

• Or at least tell what the person saw?

2EACL 2026: Encoding and Decodinghttps://main-educational.github.io/brain_encoding_decoding/intro.html



What is Linguistic Brain Decoding?

Linguistic Decoding

3EACL 2026: Encoding and Decoding
Timo I. Denk, Yu Takagi, Takuya Matsuyama, Andrea Agostinelli, Tomoya Nakai, Christian Frank, Shinji Nishimoto. "Brain2Music: Reconstructing Music from Human Brain Activity"  Arxiv 2024.

Alexandre Défossez, Charlotte Caucheteux, Jérémy Rapin, Ori Kabeli & Jean-Rémi King. "Decoding speech perception from non-invasive brain recordings"  Nature Machine Intelligence 2023.
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Linguistic Brain decoding outline

• Sentence Reconstruction: Linking artificial and human neural 
representations of language

• Story Reconstruction:
• Semantic reconstruction of continuous language from non-invasive brain 

recordings
• Generative Language reconstruction from non-invasive brain recordings
• A Subject-Agnostic and Versatile Model for fMRI-to-Text Decoding
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Linguistic brain decoding: sentence reconstruction from fMRI

Ridge 
Regression

Gauthier et al. 2019 EMNLP  5
EACL 2026: Brain-Inspired AI 2.0

• Stimuli: Periera dataset, reading full 
sentences

• Stimulus representation: BERT 
language model

• Brain recording & modality: fMRI, 
reading

• Core idea: predict model’s sentence 
embeddings from fMRI

sentence -> human fMRI and sentence -> BERT model’s representation



Sentence representations from language models

Ridge 
Regression

Gauthier et al. 2019 EMNLP 6
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• Pretrained BERT

• Fine-tune the same BERT: QQP, SQuAD 2.0, 
MNLI, and SST-2

• LM-scrambled: words are shuffled within 
the sentence

• LM-scrambled-para: words are shuffled 
within the paragraph

• LM-pos: model predicts only the part of 
speech of a masked word

• Baseline: GloVe

Predict a model’s internal sentence representation from the brain



Scrambled language models have shown better performance!!

Gauthier et al. 2019  7
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Models optimized for LM- scrambled and LM-scrambled-para (syntax-light): the models which improve in brain 
decoding performance



Linguistic Brain decoding outline

• Sentence Reconstruction: Linking artificial and human neural 
representations of language

• Story Reconstruction:
• Semantic reconstruction of continuous language from non-invasive brain 

recordings
• Generative Language reconstruction from non-invasive brain recordings
• A Subject-Agnostic and Versatile Model for fMRI-to-Text Decoding
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Continuous Language Decoder

Jerry Tang, Amanda LeBel, Shailee Jain & Alexander G. Huth "Semantic reconstruction of continuous language from non-invasive brain recordings"  Nature Neuroscience 2023.

• Stimuli: Moth-Radio-Hour

• Stimulus representation: GPT2 language model

• Brain recording & modality: fMRI, listening

EACL 2026: Brain-Inspired AI 2.0

• Brain decoding pipeline: Encoding model

• Word rate model: Takes brain activity and predicts the 
number of words per TR

• Language decoder: methods like beam search, nucleas
sampling, and a Bayesian decoder
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Step-by-Step Decoding Example

Jerry Tang, Amanda LeBel, Shailee Jain & Alexander G. Huth "Semantic reconstruction of continuous language from non-invasive brain recordings"  Nature Neuroscience 2023.

Propose initial words: 
• INIT = ["She", "He", "They"] 
• Beam = ["She"]

EACL 2026: Brain-Inspired AI 2.0

Propose next word from LM: 
• Context = “She”. 
• Language model predicts: | Word | Prob | |——|——| 

| went | 0.6 | | had | 0.2 | | is | 0.1 |

Score Candidates: 
• "She went" → likelihood = -10.2
• "She had"  → likelihood = -13.5
• Top hypothesis: Beam = ["She went"]

Repeat
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Continuous Language Decoder

Jerry Tang, Amanda LeBel, Shailee Jain & Alexander G. Huth "Semantic reconstruction of continuous language from non-invasive brain recordings"  Nature Neuroscience 2023.

EACL 2026: Brain-Inspired AI 2.0

Most parts of cortex contain some representations of language meaning

https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9


12

Continuous Language Decoder

Jerry Tang, Amanda LeBel, Shailee Jain & Alexander G. Huth "Semantic reconstruction of continuous language from non-invasive brain recordings"  Nature Neuroscience 2023.

Which cortical networks represent 

language in sufficient detail to decode 
complete word sequences

EACL 2026: Brain-Inspired AI 2.0

https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9
https://www.nature.com/articles/s41593-023-01304-9


13

Decoding is successful from association and prefrontal networks

Jerry Tang, Amanda LeBel, Shailee Jain & Alexander G. Huth "Semantic reconstruction of continuous language from non-invasive brain recordings"  Nature Neuroscience 2023.

EACL 2026: Brain-Inspired AI 2.0

• Language model (LM) pretrained and fine-tuned on narrative stories only
• Decoder uses logic to combine LM + encoding model
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Linguistic Brain decoding outline

• Sentence Reconstruction: Linking artificial and human neural 
representations of language

• Story Reconstruction:
• Semantic reconstruction of continuous language from non-invasive brain 

recordings
• Generative Language reconstruction from non-invasive brain recordings
• A Subject-Agnostic and Versatile Model for fMRI-to-Text Decoding
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Generative language reconstruction from brain activity

Ye et al. (2025). Generative language reconstruction from brain recordings. Commun Biol. 
https://doi.org/10.1038/s42003-025-07731-7

BrainLLM can be used in an auto-regressive manner to reconstruct a 10 min-long language stimulus!

EACL 2026: Brain-Inspired AI 2.0

• Stimuli: Moth-Radio-Hour, Pereira, and 
Narratives

• Stimulus representation: GPT2, LLaMA-2

• Brain recording & modality: fMRI, listening, 
reading
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Generative Language Decoder

Ye et al. (2025). Generative language reconstruction from brain recordings. Commun Biol. 
https://doi.org/10.1038/s42003-025-07731-7

Four main Stages in Language Generation with brain recordings.

EACL 2026: Brain-Inspired AI 2.0
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Generative Language Decoder

Ye et al. (2025). Generative language reconstruction from brain recordings. Commun Biol. 
https://doi.org/10.1038/s42003-025-07731-7

• Examples of language generation with BrainLLM and its controls (PerBrainLLM). 
• Text in blue and bold indicates that the generated content and the ground truth (perceived continuation) are 

manually annotated as semantically similar and an exact match, respectively.

The BrainLLM’s output is more aligned with the semantic text content perceived by human participants

EACL 2026: Brain-Inspired AI 2.0
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Scaling LLMs exhibit positive correlation, and size of brain data

Ye et al. (2025). Generative language reconstruction from brain recordings. Commun Biol. 
https://doi.org/10.1038/s42003-025-07731-7

Language can be directly generated with brain recordings as input, rather than through selection from pre-constructed language 
candidates

EACL 2026: Brain-Inspired AI 2.0



Linguistic Brain decoding outline

• Sentence Reconstruction: Linking artificial and human neural 
representations of language

• Story Reconstruction:
• Semantic reconstruction of continuous language from non-invasive brain 

recordings
• Generative Language reconstruction from non-invasive brain recordings
• A Subject-Agnostic and Versatile Model for fMRI-to-Text Decoding
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MindLLM and Neuroscience-Informed Attention

• MindLLM: transforms fMRI recordings into a 
set of semantic tokens that can be interpreted 
by a Large Language Model (LLM) like Vicuna.

• A subject-agnostic encoder: it can process any 
person’s brain scan, regardless of voxel count 
or brain shape.

How does neuroscience-informed attention work?

Qiu et al. (2025). A Subject-Agnostic and Versatile Model for fMRI-to-Text Decoding. ICML-2025

• Stimuli: Natural scenes dataset (NSD), static images

• Stimulus representation: Vicuna

• Brain recording & modality: fMRI, watching

EACL 2026: Brain-Inspired AI 2.0
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MindLLM and Neuroscience-Informed Attention

Qiu et al. (2025). A Subject-Agnostic and Versatile Model for fMRI-to-Text Decoding. ICML-2025

• Values as raw fMRI signals
• Keys as spatial and anatomical context
• Queries as learnable vectors that extract 

meaningful brain-wide features

Focuses on static fMRI, without incorporating temporal dynamics.

EACL 2026: Brain-Inspired AI 2.0



Linguistic Brain decoding
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Défossez et al. (2023). Decoding speech 
perception from non-invasive brain 
recordings. Nature Machine Intelligence



DNNs as a model organism

Abdou, Mostafa, Ana Valeria González, Mariya Toneva, Daniel Hershcovich, and Anders Søgaard. "Does injecting linguistic structure into language models lead to 
better alignment with brain recordings?." arXiv preprint arXiv:2101.12608 (2021).

Model organisms allow 
for direct interventions, 
which cannot be done in 
humans

Model organism, and not 
simply a model, because 
DNNs have evolved 
separately from the 
human brain

What information is 
necessary or sufficient to 
perform a task? To 
predict brain activity?



Chris Tseng Fatma DenizSubba Reddy Oota

Thank you :)

Mathis LamarreAnuja Negi
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