
Les technologies de l’électrophysiologie humaine : 
de Hans Berger à Elon Musk.

Michel LE VAN QUYEN, 
Laboratoire d'Imagerie Biomédicale

U1146 INSERM / SU / CNRS 7371
Campus des Cordeliers

15 rue de l’Ecole de Médecine
75006 Paris



The neuro-technologies

Neurology,
Neurosurgery,

psychiatry

Basic mechanisms
Neurophysiology Signal 

processing

Machine 
learning

Embedded 
systems

NEUROSCIENCES ENGINEERING
COMPUTER SCIENCES

CLINICAL 
TRANSLATION

Raoul Hausmann, Tête mécanique, 1919



Gaudry K et al. (2021). Frontiers in Neuroscience. 15





1924 Hans Berger : La découverte de l’EEG chez l’homme
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Hans Berger: Über das
Elektrenkephalogramm des 

Menschen. In: Archiv für
Psychiatrie und

Nervenkrankheiten. 
Band 87, 1929



Typical EEG about 100 mV, 
need about 1 million neurons, 

a few cm2 of cortex 

EEG = summation of post-synaptic potentials
cation

anion



RADIAL
TANGENTIAL

Sandor Beniczky

EEG = Voltage maps
Activation

=
Negative

EEG deviations

SPIKE: Maximum negativity: left posterior temporal (T7) and occipital (O1).



Various EEG montages for reading the EEG

« Double banana » 



Human EEG with prominent resting state activity – alpha-rhythm 
In adults, the normal PDR should be between 8.5 and 12 Hz and symmetric

Double banana 
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N=2529 subjects, age 5-22 years N=6029 subjects, age: 18 – 88 years

F8

Alpha-rhythm  depends on the age

Tröndle et al. Elife. 2022 Hashemi et al., eNeuro. 2016

age (years)



The Temple 
University Hospital 

Abnormal EEG 
Corpus (TUAB) 

2993 recordings of 
resting states

the best model obtains a 
mean absolute error of 7-8 
years between the “Brain 
age” and chronological age  

How old is your brain, really? Artificial intelligence knows

resting state

Engemann DA, Mellot A, Höchenberger R, Banville H, Sabbagh D, Gemein L, Ball T, Gramfort A. A reusable benchmark of brain-age prediction from M/EEG resting-state signals. Neuroimage 2022



Sleep EEG as a window of aging and brain health
Massachusetts General Hospital 

sleep lab data set N=2532

Sun H, …, Westover MB. 
Neurobiol Aging 2019

Ye EM, …Westover MB. 
Sleep. 2023

MAE=7.8 years 

Brain Age
-

Real Age

Brain Age



all data (n = 9386, deaths = 3045)

Brink-Kjaer A, …, Mignot E. Age estimation from sleep studies using deep learning predicts life expectancy. 
NPJ Digit Med. 2022 Jul 22;5(1):103.

Age estimation from sleep studies using deep learning predicts life expectancy

Age estimate error

5.8 ± 1.6 years 



L’électro-encéphalogramme (EEG)

Limites: 
● Inconfortable et nécessite un technicien 

● Sensible aux mouvements et relecture par un expert
● Enregistrement courts de 20 min à l’hôpital

● Accès difficile à des regions critiques 
 (e.g. le lobe temporal )

Evénements 
épileptiques

EEG normal



L’ Holter EEG

Bridgers et Ebersole (1985) 
Neurology 35:1767.

Brunnhuber et al. (2020)
Epilepsia. 2020; 61 Suppl 1

Système robuste, permettant un EEG 10-20 complet 
avec de bonnes performances techniques12 à 48 heures

Réalisé à domicile avec analyse du sommeil

1979, Oxford Medilog (4 canaux)



… pas de certifications DM
… pas confortable
… pas discret

Systèmes EEG embarqués



Visual evoked potentials

Brain computer interface / Evoked potentials

Une commande par 5 sec



Dreem 2 EEG Headband

1) 7 EEG derivations: 
FpZ-O1, FpZ-O2, FpZ-F7, F8-
F7, F7-O1, F8-O2, FpZ-F8; 
(2) movements, (3) sleep
position, and (4) heart rate. Arnal et al., The Dreem Headband compared to 

polysomnography for electroencephalographic signal 
acquisition and sleep staging, Sleep 2020



Les signaux intra-auriculaires

Les senseurs 
dans l’oreille 

bénéficient de la 
proximité du 

lobe temporal
2012: Preben Kidmose, Aarhus University, Denmark



100 per-reviewed papers Patents

Apple

Meta



● Une voie EEG (bipolaire, ERE-ELE)

● Echantillonnage: 250 Hz

● Poids: 20 g

● 9 heures d’enregistrement en continu 
(sans recharge)

● Data Stream: Bluetooth 2.4 GHz 
et stockage local: 64 MB

● Biocompatibilité des senseurs et 
performances électriques de base 

(IEC 60601-1;IEC 60601-1-2;IEC 80601-2-26; 
IEC 60601-1-11;IEC 62133)

● Bruit: < 6 μV RMS sur 1-30 Hz

● Grade médical (CE Class IIA)

An unique, non-stigmatizing form factor 
for longitudinal, remote patient monitoring



10 mV
1 sec

In-ear EEG

Scalp EEG (T3-T4)
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Validation: L’alpha (Fermeture-Ouverture des yeux)

In-ear
EEG

Scalp EEG 
(T3-T4)

Synchronisation CARD

Hanane MOUMANE
Jérémy PAZUELO

protocole CER-2023, 
SORBONNE UNIVERSITEN=30 subjects
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Validation: Rythmes EEG du sommeil normal

POLYSOMNOGRAPHIE
(EEG + EOG +EMG)
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APPLICATION 1: LONG-TERM MONITORING OF EPILEPSY

Loss of consciousness

● Up to 5 % of the world’s population (65 M) 
have a seizure at some time in their lives

● Epilepsy can happen at any age, but is most
common in young children and older adults

● 30% of people with epilepsy will not gain 
full seizure control with medication



Journal des crises

Compter les crises, au coeur du diagnostic de l’épilepsie

Blachu et al. (2015) Seizure 29, 97-103
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Ecouteurs Naox
- Accéléromètre
- Pousse-bouton 

Une APPLI 
- Information sur le traitement

- Enregistrement vidéo

Plateforme pour les médecins
- Crises avec vidéo

- Fréquence et durée 
- Cycles des crises

John

BLE

Stockage des données
+ Détection automatique des crises



PAUSE



A system of unstable brain oscillators

10 classes of oscillations
(non-overlapping bands)

Higher frequency oscillations 
originate from a smaller neuronal population, 
whereas low frequency oscillations encompass

larger populations

unstable activities

Center frequencies follow an log rule
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Studying human brain activities from within

- Diameter: 1.0 mm & contact spacing: 10 mm  
- Temporal resolution:  1 kHz 
- Spatial resolution :  < cm3

gamma frequency band (40-120 Hz)



Valderrama M, Crépon B, Botella-Soler V, 
Martinerie J, Hasboun D, Alvarado-Rojas C, 

Baulac M, Adam C, Navarro V,
Le Van Quyen M.. PLoS One. 2012

Human gamma oscillations
during slow wave sleep





Gold, Henze and Koch, 
J Computational Neuroscience 2007

Detecting spikes from far away is difficult



MUA

Les micro-électrodes à haute impédance 

petite surface conductrice (de quelques µm)
en métal (en or, iridium, Pt)

Potentiel d’action

1 msec



4 mm

40 µm

Micro-electrodes

Clinical
electrodes

- Spatial resolution: <1 mm
- Temporal resolution:  0.05 ms

LFP (<400 Hz)                                        

MUA (>400 Hz)                                        

Broad band signals (0-20 kHz)

1 s
50 mV



4 mm

40 µm

Micro-electrodes

Clinical
electrodes

Jennifer 
Aniston’ s neurons



96 microelectrodes 
with 400-μm spacing, 

covering an area of 4 × 4mm

Utah electrode arrays

Patients 
tétraplégiques

2005
Matt Nagle

2006

Colachis et al. J Neural Eng. 2021;18



1024 channels
& Bluetooth





Craniotomy Durectomy



Threads= 32	electrode	contacts	spaced	by	50	μm

Musk E; Neuralink. J Med Internet Res. 2019 Oct 31;21(10):e16194.

2020



"Show and Tell" event, 30 Novembre 2022



FDA approval on 25 May 2023: 
PRIME Study (Precise Roboticallly Implanted Brain Computer interface)

Optimus robot limbs



Bénéfices pour les patients Risques de manipulations

Black Mirror:  « Toute ton histoire »
Réparation / augmentation / transformation

Transhumanisme

Mythes



Risques de lésions et de micro-hémoragies Risques de gliose

Campbell A, Wu C. Chronically Implanted Intracranial Electrodes: Tissue Reaction 
and Electrical Changes. Micromachines (Basel). 2018 Aug 25;9(9):430.

Neuroethical considerations of high-density electrode arrays



Stentrode





Les neuro-technologies : de Hans Berger à Elon Musk.
2023

Wearable
neuro-technology

for brain monitoring

1924
Implants 

of microelectrodes
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Frank Willett et al., (2021) High-performance brain-to-text communication via handwriting, Nature Vol 593 

>BrainGate2 participant nicknamed T5 who has a spinal injury

>brain-implant system trained to decode the 
neural signals for handwriting from a paralyzed 
man enabled a computer to type up to 90 
characters per minute with 94 percent accuracy.

> Smartphone tipping: 115 characters per minute

t-distributed stochastic neighbour embedding (t-SNE)



96 microelectrodes 

with 400-μm spacing, 

covering an area of 4 × 4mm

FS cells

RS cells

Le Van Quyen et al. (2016) PNAS
Peyrache et al. (2011) PNAS 109



Cole et al. Molecular Psychiatry (2018) 23, 1385–1392

The mean absolute error of prediction was 5.02 years
and the root mean square error was 6.31 years.



r_squared = 1 - (sum((test_labels - predicted_labels).^2) 
/ sum((test_labels - mean(test_labels)).^2));



96 microelectrodes 
with 400-μm spacing, 

covering an area of 4 × 4mm

Utah electrode arrays
Bidirectional BCI

Patients 
tétraplégiques

2005

2006
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Electrodes de Panaxium

10 rangés de 3 tetrodes

Diamètre: 10 µm

Yang et al., 2020 (medRxiv)
Massachusetts General Hospital, Boston

HFO
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