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Speaking is a hallmark of our species



Harvey Cushing 1906





Electrocorticography (ECoG)
Implanted subdural electrode arrays for localization of epileptogenic 

foci, usually 7-10 days. 
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Bouchard, Mesgarani, Johnson, Chang Nature 2013



‘Labial’

articulator vector matrix

Bouchard, Mesgarani, Johnson, Chang Nature 2013



‘Voiced’

Bouchard, Mesgarani, Johnson, Chang Nature 2013



Functional organization: 

vocal tract
larynx (X)**
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larynx (X)

Bouchard, Mesgarani, Johnson, Chang Nature 2013



Dichter, et al., Cell 2018

Motor cortex control of 

laryngeal pitch



Pitch Control to determine larynx 

encoding

Dichter, et al., Cell 2018

I never said she stole my money

I never said she stole my money

I never said she stole my money

I never said she stole my money

I never said she stole my money

I never said she stole my money

I never said she stole my money

I never said she stole my money



Vocal pitch in dorsal larynx cortex

Dichter, et al., Cell 2018

–also when singing melodies (‘do-re-mi’)

–playback shows auditory responses (delayed)



DLMC stimulation evokes larynx movement

Electrical stimulation

EMG

Dichter, et al., Cell 2018



Awake brain mapping



.

with permission

Dorsal larynx cortex stimulation evokes 

vocalization



Silva, et al., Journal of Neuroscience 2022

The middle precentral gyrus (mPrCG) is an integrative 

cortical area for phonological processing

1. Direct motor control of larynx/

2. Vocalization (dLMC)

3. Auditory processing 

4. Phonological processing

- motor sequences  

- silent and overt reading

5. Coordination of articulators

- pure apraxia of speech



MFG/MidPrCG injury causes apraxia of speech 

Chang, et al.  Neurosurgery 2020

Apraxia: disorder of articulatory coordination and planning in speech sound production that does not 

involve muscle weakness

Say: “Microscopic”



• Laryngeal motor cortex is indispensable for human but not 

monkey vocal motor control.

• A shift of laryngeal representation from the primary motor 

to premotor cortex may be a result of hominid evolution.



Articulatory movements



Trajectory Encoding at Single Electrode

Speech primitives

• Coordinated, not single articulator

• ‘Out-and-back’ profile

x

y

Chartier*, Anumanchipalli*, et al.  Neuron 2018



‘d’ : ‘dad’
(coronal trajectory)

Chartier*, Anumanchipalli*, et al.  Neuron 2018



(labial trajectory)
‘p’ : ‘pop’

Chartier*, Anumanchipalli*, et al.  Neuron 2018



Cortical encoding for all English sounds

Chartier*, Anumanchipalli*, et al.  Neuron 2018



paralysis of communication
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texting

handwriting
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Chang & Anumanchipalli JAMA 2020
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Anumanchipalli*, Chartier*, Chang  Nature 2019

A speech synthesizer direct to the brain



Anumanchipalli*, Chartier*, Chang  Nature 2019



BRAVO Trial (2019- )

BCI Restoration of Arm and VOice

Goal: pathway to clinical device (safe, robust, high performance)

Investigator: Chang (neurosurgery) and Ganguly (neurology)

Device: chronically implanted subdural grid (128e, 253e)+ percutaneous port

Coverage: lateral motor cortex (arm and speech)

Indication: severe paralysis impairing communication and limb movement

FDA IDE



2021



“Pancho”







Moses, Metzger, Liu et al NEJM 2021



Moses, Metzger, Liu et al NEJM 2021







The first 50 words…





“Ann”



brainstem stroke 

18 years ago
253 electrode, non-penetrating 

surface grid



B3: Text decoding

NATO code word

VERY STABLE 

OVER MONTHS



Multimodal speech 

neuroprosthesis

Goal is to embody speech restoration

• Enhance feedback-learning

• Restore personhood and identity

• More naturalistic speech output

• Facilitate virtual social interactions





Text copy



Speech synthesis



Facial avatar



Avatar: Audio-visual SynthesisAvatar: Audio-visual Synthesis



Avatar- Expressions



Robotic arm

Ganguly lab collaboration

in progress



Speech neuroprosthesis

The science
• The precentral gyrus encodes articulatory movements  

• Dual laryngeal motor cortex

• Articulatory kinematic trajectories for all consonants and vowels

The translation
• High-performance text, synthesis, and facial avatar

• Embodied speech neuroprosthesis can enhance verbal and 

nonverbal communication

• Increased channel count and AI optimization increases 

performance



Towards cellular basis of language





Neuropixels
960 electrodes 

(384 simultaneous recording)

Recently translated into humans
Chung*, Sellers*, et al., 2022, Neuron

Paulk et al., 2022, Nature Neuroscience



Recently translated into humans
Chung*, Sellers*, et al., 2022, Neuron

Paulk et al., 2022, Nature Neuroscience



Multi laminar STG recordings







Neuronal responses across the cortical depth:
heterogeneity and local clustering
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