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Delayed Reach Task

Georgopoulos et al. (1986) Science

2 May 2004
Stanford University
Santhanam, Ryu, Yu & Shenoy
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Pandarinath*, Nuyujukian®, ..., Shenoy™*, Henderson™ (2017) eLife

BrainGate2 Neural Interface System. CAUTION: Investigational Device. Limited by US Federal Law to Investigational Use



Nuyujukian*, Sanabria* Saab* et al. (2018) PLoS One
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How Do You Care For A Orchid - Smarter.com
www.smarter.com/Answers

How Do You Care For A Orchid. Browse & Discover Useful Results!

Care For Orchids Indoors - BHG.com
www.bhg.com/Indoors

Care for Your House Plants Grow Orchids with ease
How to Grow Orchids Indoors: Better Homes and Gardens

Basic Orchid Care Info - AboutOrchids.com
www.aboutorchids.com/
Orchid Care Info for Beginners Blog, Photos, FAQ

Orchid Care Tips - Beautiful Orchids

T6 BrainGate

www.beautifulorchids.com/orchids/orchid_care.../frequently_asked_questio

B. When watering your orchids, take care to avoid wetting the leaves. If water gets trapped in

between the leaves, dry them quickly by using a piece of tissue or a
Phalaenopsis - Miltonia - Paphiopedilum - Cymbidium

Orchid Care Basics - American Orchid Society
https://www.aos.org/Default.aspx?id=72

Orchid care tips and strategies that are easy to understand and put to use.

Where do | cut the flower spike? - Orchids 101

Orchid Care Tips and FAQ

https://www.repotme.com/orchid-care/

How do | water my orchid?




Words per minute in context

BCIl Point-and-Click
(Pandarinath 2017)

Conversational
Handwriting QWERTY typing Formal Speech Speech
I
10 60 100 110 120 130 140 150

Words per Minute

Can BCls based on faster behaviors like
handwriting and speech improve
communication rates?



A Handwriting BCI

hello

Willett et al. High-performance brain-to-text
communication via handwriting. Nature 2021



Neural Representation of Handwriting

Does the neural representation for a
highly dexterous skill, like
handwriting, remain intact years
after paralysis?

I | | >
1.0s

Delay
(2.0-3.0 )

Willett et al. High-performance brain-to-text
communication via handwriting. Nature 2021



Neural Representation of Handwriting

Can we reconstruct the imagined pen
tip trajectory from the neural activity?

/ T th
Pen tip Linear  Firing rate
velocity decoding vector
Vector Matrix 192 x 1
2x1 2x192

Willett et al. High-performance brain-to-text
communication via handwriting. Nature 2021
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System Diagram
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Willett et al. High-performance brain-to-text
communication via handwriting. Nature 2021



Real-Time Operation

lowell > felt > like > a > soldier > on > a > battlefield, >
stripped > of > amwunition~

Thowsdl] fEadt: Tidies

Willett et al. High-performance brain-to-text communication via handwriting. Nature 2021



Copy Typing Performance
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Imagine all the people living life in peace

Willett et al. High-performance brain-to-
text communication via handwriting.
Nature 2021




Words per minute in context

BCIl Point-and-Click
(Pandarinath 2017)

Conversational
Handwriting QWERTY typing Formal Speech Speech
I e T
10 20 60 100 110 120 130 140 150
Words per Minute

Willett et al. High-performance brain-to-text Qi
communication via handwriting. Nature 2021 &S

What about speech?

Wilson et al. 2020, Moses et al.2021




A Speech BCI

Willett FR*, Kunz E*, Fan C* et al. A high-performance speech neuroprosthesis.
Nature. 2023.



Decoding Methods
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Willett FR*, Kunz E*, Fan C* et al. A high-performance speech
neuroprosthesis. Nature. 2023.
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High-Performance Decoding
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Willett FR*, Kunz E*, Fan C* et al. A high-performance speech
neuroprosthesis. Nature. 2023.



Words per minute in context

Willett FR*, Kunz E*, Fan C* et al. A high-

BCI Point-and-Click performance speech neuroprosthesis. Nature. 2023.
(Pandarinath 2017)

Conversational
Handwriting QWERTY typing Formal Speech Speech
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Words per Minute

Willett et al. High-performance brain-to-text  JIEUNE
communication via handwriting. Nature 2021 S 4] e




Performance Increases with More Electrodes
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Willett FR*, Kunz E*, Fan C* et al. A high-performance speech
neuroprosthesis. Nature. 2023.



Latest Results from UC Davis Collaborators

1) Doubled electrode count

2) Improved real-time language model

Card N, ..., Brandman D**, Stavisky SD**. An accurate and rapidly
calibrating speech neuroprosthesis. NEJM. 2024.



New Results from UC Davis Team
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Word
error rate (%)

Session number: 1 2 4 7 8 1 0 1 1 12 13 14
Dayssinceimplant: 25 27 34 46 48 69 74 76 81 83 88 90 95
Hours: 05 19 40 66 80 89 101 115 122 134 159 176 18.8

Card N, ..., Brandman D**, Stavisky SD**. An accurate and
rapidly calibrating speech neuroprosthesis. NEJM. 2024.



An accurate and rapidly calibrating
speech neuroprosthesis

SRAIMN HEALTH

Video 3:
First self-directed use of the speech neuroprosthesis (session 2)



An accurate and rapidly calibrating
speech neuroprosthesis

SRAIMN HEALTH

Video 4:
Conversation Mode speech decoding (session 31)



How can we reach conversational speeds?

Moses et al. 2021 Willett et al. 2023 Littlejohn et al. 2025 ,
Conversational
Formal Speech Speech
Card et al. 2024 Metzger et al. 2023
100 110 120 130 140 150

Words per Minute

Hypothesis: Imagined speech can improve
speaking rates in people with paralysis



Imagined Speech is Faster than Attempted Speech

200

180

160

140 B Attempted
I Imagined

—
N
o

“[Attempted speaking] is like you're
stuck in quicksand and you have a
weighted blanket or two on top of

”

you.

Words per minute
o
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7/ Words Experiment

Conditions:
Attempted Vocalized
Inner Speech
Listening

Words:
Ban
Choice
Day
Feel
Kite
Though
Were

i |

Kunz*, Meschede-Krasa*, ... Henderson, Willett. Inner speech in motor cortex and implications for speech
neuroprostheses. Cell. 2025



Shared representation across behaviors

Attempted . .
Vocalized Listening Inner Speech

Wane

N though

’ kite

Listening mﬂl

day
choice
ban
were
thaugh
kite
feel
day
choice

Inner Speech

though
kite

day III

choice

Attempted Speech

P EES S F TP PGS E P P LS

Kunz*, Meschede-Krasa*, ... Henderson, Willett. Inner speech in motor
cortex and implications for speech neuroprostheses. Cell. 2025

0% 20% 40% 60% 80% 100%
Classification Accuracy (%)



Neural Geometry of Attempted vs. Inner
Speech

/klte day

L s \ eel
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I \ ,
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L(_],PC 2 L(: 1PC?2
ban kite

T2 T17

Kunz*, Meschede-Krasa*, ... Henderson, Willett. Inner speech in motor cortex and implications for speech
neuroprostheses. Cell. 2025



Decoding Inner Speech in Real-Time

Example Online Inner Speech Trials
(125,000-word Vocab)

True Sentence: | don’t know how long you've been here.
Decoded Sentence: | don’'t know how long you've been here.

True Sentence: | think it has the best flavor.
Decoded Sentence: | think it has the best player.

Word Error Rate (%)
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Kunz*, Meschede-Krasa*, ... Henderson, Willett. Inner speech in motor cortex and implications for speech
neuroprostheses. Cell. 2025
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Detection of Spontaneous Inner Speech

Count all:

=
in the grid below

T16 Counting
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Kunz*, Meschede-Krasa*, ... Henderson, Willett. Inner speech in motor cortex and implications for speech
neuroprostheses. Cell. 2025



Password Protection for Inner Speech Decoding

BCl in “locked” mode does not decode Keyword “unlocks” the BCl for decoding

_ g f = “chittychittybangbang”

lam tired ¢
£ T12 Inner Speech BCl w/ Keyword Performance

Keyword Detection  98.75
Accuracy (%) (93.23, 99.97)

Word Error Rate (%) 42.45
(50 word Vocab) (35.71, 49.41)

Kunz*, Meschede-Krasa*, ... Henderson, Willett. Inner speech in motor cortex and implications for speech
neuroprostheses. Cell. 2025



Where do we go next with BCls?



Translation is Underway

Goal: Derisk restoring communication in new
disorders



Marcus Foundation Award to Expand
Communication BCls to Hemispheric Stroke

Someone in the US has a stroke every 40 seconds

Everyyear, more than 795,000 people in the US have a
stroke

1/3 of stroke survivors have communication problems






Broca’s Aphasia

e Brain areas for producing
speech destroyed
e Understanding / intent
still intact
e Affects ~225,000 people in
the US
e Currently no treatment




The Vision -“Marcus Motes”

Stroke

S\@

Implanted brain
recording electrode
(Motes)

Let's make
pasta for
dinner
tonight.

— ©

Mobile app




Stanford Site — Mapping and Decoding
Speech in the Post-Stroke Brain

Implanted brain

recording electrodes
ﬁ (Utah array)

Stroke

* Aim 1 - Mapping Speech in
Temporal Lobe

* Aim 2 - Decoding Speech
from Temporal Lobe



Conclusion

* Highly accurate speech decoding with large vocabularies is
possible

* Inner speech is a pathway towards conversational rates

* Decreasing variability in performance is an ongoing challenge
(hardware, targeting, disease state)

* New disorders are a big opportunity for communication BCls
(e.g., aphasia)

47



Conclusion

* Communication BCls for ALS and
brainstem stroke have progressed
from point-and-click to speech

* We will soon have systems that
can provide real assistance to
people with communication
disorders and paralysis

 Research vision: expand
communication BCls to new
disorders
* Broca’s Aphasia
 Cerebral Palsy

48
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Stanford Neural Prosthetic Translational Lab (NPTL)
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Minimizing Calibration Time via Transfer Learning

Source User Target User
g
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Character Error Rate (%)

Stabilization via Continual Self-Training

Signals change slowly enough and decoding is accurate enough to
enable self-recalibration: retraining on error-corrected outputs.

- No Recalibration == Recalibration with CORP
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Fan, C. et al. Plug-and-Play Stability for Intracortical Brain-

Computer Interfaces: A One-Year Demonstration of Seamless

Brain-to-Text Communication. NeurlPS 2023.

Handwriting iBCl Decoder

Online Recalibrator

Update RNN with SGD

|
|
|
RNN <
|
|
I =
Language . | , |laee —
Made | label: tﬁ'g:;gper

Current session’s data Previous sessions’ data

I
The user attempts to write a sentece. Output from the language |
model plus TX features are sent to the recalibrator.

-
r

label: the>onen

Combine and augment

After the user finishes, recalibration runs in the background. The
user will start with a recalibrated model on the next trial.

-
>

Chaofei Fan




Speech Area Targeting: Two Speech Areas in
MOtOr CorteX? Stanford Participant )
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Glasser MF et al. A multi-modal parcellation of

human cerebral cortex. Nature. 2016. -0.05 -




Human Connectome Project Targeting

Cortical Thickness
MRl Myelination \
Folding

Resting State

fMRI Networks

Glasser MF et al. A multi-modal parcellation of
human cerebral cortex. Nature. 2016.



Enabling Fundamental Neuroscience:
Motor Representations in the Human Brain



Motor representations in “hand” area

Cross-Validated Decoding Accuracy: 96.8%

i ToeOpen
ToeCurl
HipFlex
KneeExt

AnkleFlex

e AnkleExt

TumbRaise

IndexRaise

HandOpen

HandClose
WristExt
ElbowFlex
ArmRaise
ShoShrug
Backward
Forward

TiltLeft
TiltRight
TurnDown
TurnUp
TurnlLeft
I TurnRight
- TongueRight
Tongueleft
Torjl_gueDown
onguelU
NoseWrinkle
EyebrowsRaise
LipsPucker
JawClench
MouthOpen
SayGa
— SayBa
Nothing

Leg

Arm

True Class
Head

||A Firing Rate|| (SD)
o N EAN (@)] (0 0] (@)

Face
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o.ej:’f

Predicted Class

Willett FR*, Deo DR* et al. Hand Knob Area of Premotor Cortex Represents the Whole Body in a
Compositional Way. Cell. 2020.



Shared Code for Limb Movement

Wrist - Up
Wrist - Right
Wrist - Left
Wrist - Down

Hand - Open

Right arm
Lone|al1on

Hand - Close

Arm - Haise right

Arm - Raise |eft

Right leg



How homuncular is motor cortex?

Hand Knob Area of Premotor
Cortex Represents the Whole Body
in a Compositional Way

Francis R. Willett,'.210.1214* Darrel R. Deo,’-22.12 Donald T. Avansino,’ Paymon Rezaii,’ Leigh R. Hochberg,**
Jaimie M. Henderson,’11.12 and Krishna V. Shenoy?2.8.9.10,11.13

||A Firing Rate|| (SD)
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Goal: Build a Comprehensive Map of Motor
Cortex at Single Neuron Resolution



Ventral PCG

\ 32 S~
\J
Deo DR, ..., Henderson JM**, Willett FR**. A mosaic of whole-body representations in human m \ e

motor cortex. bioRxiv. 2024. Darrel Deo
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A New Map of Human Motor Cortex
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