"
' Inserm R
il | P
[ ] ) I
Association nationa le des professionne Is

Applications des technologies innovantes dans
les états de conscience altérée:

Stimulation électrique transcranienne a
courant continu (tDCS)

Dr Bertrand Hermann
PICNIC lab, ICM, Paris
Réanimation neurologique, GHPS, Paris

W

HOPITAUX
DE PARIS

U P m (: ASSISTANCE
PUBLIQUE

IaAi SORBONNE




GENERALITES



STIMULATION ELECTRIQUE NON INVASIVE
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tDCS (Transcranial Direct Current Stimulation)

* Modification de I'excitabilité neuronale tDCS |

* Faibles courant (1-3 mA) ‘
* Pas d’effet secondaire significatif

* Efficace dans multiples maladies
Dépression, douleur chronique, plasticité post-AVC, aphasie...

Lefaucheur, Neurophysiologie clinique 2016



OBJECTIFS

* Peu de traitements validés chez les patients DoC
* Intérét évident de traitement non-invasifs
* Facile a mettre en ceuvre

 Compréhension des processus physiopathologiques a
I'ceuvre dans les des altérations de |la conscience

* Anatomie fonctionnelle de la conscience (régions,
fréquences, communication...)



ETUDES CLINIQUES

DANS LES TROUBLES DE CONSCIENCE



ORIGINAL ARTICLE

PREUVE DE CONCEPT

Transcranial Direct Current Stimulation Effects in

Disorders of Consciousness

* tDCS cortex préfrontal dorsolatéral ou précentral gauche
 Titration (sham, 1mA, 2mA)
*N=10

Arentves of
Physical Medicine

and Rehabllitation

. . Table 2  Patient characteristics and CRS-R results
w1 Mon Tue Wed Thu  Fii Sat  Sun W2  Mon Tue Wed Thu Fii Sat  Sun
JFK CRS-R Scores
Follow-Up
1TmA 1mA 1mA 1mA 1mA . _ Initial CRS-R
tDCS tDCS tDCS tDCS tDCS Identifi- Duration Diagnosis  tDCS Anodal Post-tDCS ~ Post-tDCS 1wk Post- (mo post- Follow-Up
sham sham sham sham  sham cation No. Sex Age Etiology ) (CRS-R) Electrode Baseline Postsham (1mA) (2mA) stimulation stimulation) Diagnosis
1 F 19 TBI 6.0 PVS/UWS  F3 8 8 8 8 8 @12) MCS—
EEG EEG EEG 2 M 35 TBI 7.0 PVS/UWS 3 6 6 6 6 6 (12) PVS/UWS
CRS-R MRI PET CRS-R CRS-R 3 M 37 TBIL 10.0 PVS/UWS  F3 9 9 9 9 9 9 (12) PVS/UWS
4 M 44 Anoxia 9.0 PVS/UWS  F3 6 6 6 6 6(12) PVS/UWS
5 F 51 Postoperative infarct 0.8 MCS— C3 10 10 10 11 22 (12) Conscious
6 M 40 Anoxia 1.0 PVS/UWS (3 6 6 6 6 Died (6) NA
. . 7 M 62 Anoxia 2.0 PVS/UWS (3 8 8 8 8 Died (5) NA
w3 Mon Tue Wed Thu Fri Sat Sun w4 Mon Tue Wed Thu Fri Sat Sun 8 M 44 TBI (open) 4.0 MCS— F3 10 10 10 @ 11 11 (12) MCS—
9 F 51 Anoxia 2.0 PVS//UWS F3 8 8 8 8 (6) PVS//UWS
10 M 22 TBI 0.5 MCS— C3 9 9 9 9 é.a 19 (4)' Conscious
2 mA 2mA 2mA  2mA 2 mA NOTE. F3 and C3 are according to the international 10/20 electroencephalography system.
tDCS tDCS tDCS tDCS tDCS Abbreviations: (3, left primary sensorimotor cortex; F, female; F3, left DLPFC; M, male; NA, not applicable; post, measurements at the end of the treatment week.
* Change status to MCS+.
T After second participation.
EEG EEG
CRS-R fMRI PET CRS-R
Fig 2 Schedule of measurements and interventions throughout the study. Abbreviations: PET, positron emission tomography; W1, first week;

W2, second week; W3, third week; W4, fourth week.

Angelakis, ACRM 2014



RCT - SESSION UNIQUE

tDCS in patients with disorders of

consciousness
Sham-controlled randomized double-blind study

* N =55 patients
e 1 séance 2 mA cortex préfrontal dorsolatéral gauche
* Réponse chez 13/30 MCS et 2/25 VS

[ Table 2 Treatment effects (i.e, change in CRS-R total score) for patients in VS/UWS and MCS ]
Difference
tDCS — sham Median p 25 p75 p Value
VSIUWS 03+14 0 0 0 0.952
MCS 16 +25 1.5 0 4 0.003

Thibault, Neurology 2014



ORIGINAL ARTICLE
RCT - S ESS I O N S R E P ETE ES Controlled clinical trial of repeated prefrontal tDCS in patients with chronic
minimally conscious state

Aurore Thibaut®?, Sarah Wannez?, Anne-Francoise Donneau<, Camille Chatelle®9, Olivia Gosseries?, Marie-Aurélie Bruno?,
and Steven Laureys?
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e 25% de réponse apres une séance de tDCS (jusqu’a 43% en aigu)
- 56% apres 5 séances

Thibault, Brain Injury 2017



MAIS...

Randomized controlled trial of home-based 4-week tDCS in chronic

minimally conscious state

Géraldine Martens, MSc *°, Nicolas Lejeune, MD * ", Anthony Terrence O'Brien, MD ¢,
Felipe Fregni, MD, PhD ¢, Charlotte Martial, MSc “, Sarah Wannez, MSc ¢,

Steven Laureys, MD, PhD * "' Aurore Thibaut, PhD * '
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Martens, Brain Stimulation 2018



MECANISMES D’ACTION ?



EFFICACITE DEBATTUE
* Mécanismes d’action mal connus

Factors determining variability of
neurophysiological and behavioral effects in NIBS research

e Grande variabilité

Factors applying to all NIBS-specific
life-science interventions factors
External or
) methodological factors — _ _
Participants: Sample size Stimulation
intensity
Age and gender Experimental / \
environment >ﬁ_ ‘3 _J Electrode/coil
Participants: Blinding | Intrinsic factors \-, B e
Healthy or patients strategies '|I Electrode/coil montage
] | or positioning
o
i /
Arousal level Aﬂ:tg:gnal [ Genetic
\ polymorphisms:
- . /[ e.g. BDNF
Physiological state, e.g.: = — .
in vivo, in vitro, ex vivo, Ce'lmf? ort;Ioor Individual cortical
anesthetized etiec (gyrus) geometry

Polania et al. Nature Neuroscience 2018



‘ Données structurelles et fonctionnelles




PREDICTION DE LA REPONSE ?

* Moins d’atrophie et métabolisme préservé dans

certaines régions clés (préfrontal, gyrus cingulaire,

IRM
precuneus, thalamus)

C tDCSresponders #non-responders

Red: more atrophy inresponders
Blue: more atrophy in non-responders
Pink: overlapping

PET

Thibaut, Brain Stimulation 2015
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Thibaut, Brain Stimulation 2018



CORRELATS ELECTROPHYSIOLOGIQUES

DE LA tDCS



‘ MARQUEURS EEG DE CONSCIENCE Jo— s
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‘ CLASSIFICATION AUTOMATISEE
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Engemann, Brain 2018



ETUDE tDCS EN OUVERT

RS Task tDCS RS Task
CRS-R EEG EEG Stimulation EEG EEG CRS-R
Time

 CRS-R
 Responders (R+) and Non-responders (R-)
e State of consciousness (VS/UWS, MCS, EMCS)

 HD-EEG (256 channels EGI net)
e (Oddball paradigm (X1 and X2 blocks of the LG paradigm)

s BHNNN
pppEn fmoon nogpne DDDDI(EE
20% L D00 I

* 5 min resting state
— Resting state markers (spectral power, spectral summaries, information theory,
complexity, connectivity)



FLOW CHART

112 patients screened

40 mechanically-ventilated
v 6 contra-indications

66 patients eligible

1 conscious patient (CRS-R 23/23)
> 1 peripheral neuropathy
1 too agitated to be recorded

v

63 patients stimulated
69 sessions

1 comatose patients

¥ 1 patient with active epilepsy

61 patients included in the preprocessing
67 sessions

v

» 5 sessions failed preprocessing

v

58 patients passing the preprocessing
62 sessions

v

4 patients recorded twice

v

58 sessions of 58 patients
included in the analysis

/\

58 rs-EEG 53 task-EEG
24 VS/UWS 22 VS/UWS
31 MCS (22 MCS-/9 MCS+) 29 MCS (21 MCS-/8 MCS+)
3 EMCS 2 EMCS

T~ /\

46 Non-responder (R-) 12 Responders (R+) 42 Non-responder (R-) 11 Responders (R+)




POPULATION

N P - =l Gl
N=12 N=46

50.0 [31.3-62.5] 56.00 [31.5-65.5] 48.5[31.3-61.0] 0.4655
'Sexratio = [EKP 2 1.19 0.5255
187.5 [69.3-828.8] 275 [65-1082] 181.0 [77.5-794.0] 0.7661
Etiology 1.0

CA 20 4 16

TBI 17 4 13

Stroke 7 1 6

Other 14 3 11

SoC before 0.2007
UWS 24 20 4

MCS (MCS-/MCS+) 31(22/9) 24 (19/5) 7 (3/4)

EMCS 3 2 1

CRS-R

- Total 8 [5-12] 11.5 [5-13] 8 [5-10] 0.4197
- TOEl 2 [1-2] 2 [1-2] 2[1-2] 1.0

Nb of rejected channels

- before 16.9[10.7- 21.0] 15.5[11.9-22.1] 17.1[9.7-20.1] 0.5758
- after 15.5[10.7-24.7] 14.6 [12.4-17.6] 16.1[10.5-27.3]

Nb of rejected epochs
- before 11.0[3.3-23.4] 10.0 [6.3-17.8] 11.1[2.7-31.8] 0.917

- after 10.0 [2.3-27.4] 10.0 [4.2-17.6] 9.97 [2.3-34.7]



‘ REPONSE COMPORTEMENTALE

12 répondeurs sur 58 patients = 20,3%
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‘ EEG DE REPOS — MARQUEURS DE CONSCIENCE

Averaged Measures Statistics

R- R+ R+>R- Welch Cluster
(After>Before) (After>Before) (After>Before) (1st step) (2nd step)
P =74 !

Averaged Measures Statistics
R- R+ R+>R- Welch Cluster
(After=Before)  (After>Before) i (After=Befare) i {1st step) {2nd step)

Hermann, in preparaation



EEG DE REPOS — CONNECTIVITE wSMI O

wSMI Conjonction
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PARADIGME ODDBALL
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CLASSIFICATION AUTOMATISEE DE L'ETAT DE CONSCIENCE

* Classification automatique:
* Algorithme: Support Vector Machine (SVM)

* Entrainé sur une base de données indépendante de 136
patienst (Sitt, Brain 2014)

* Probabilité de MCS vs UWS/VS

 Enrichissement de |'activité cérébrale sur I'EEG:
R- 1.1% [-7.8-8.8] vs. R+ 4.5% [1.8-15.3], p = 0.0364



IRM STRUCTURELLE ET CHAMPS ELECTRIQUES

 Collaboration with Lucas Parra (NYU)

ROAST: A fully automated, Realistic, vOlumetric Approach
to Simulate Transcranial electric stimulation.

* IRM morphologique (GM, WM, CSF)

* Distribution des champs électriques

1.07 V/m

0.72V/m

0.38V/m

0.03 V/m

 Collaboration avec Davinia Fernandez-Espejo (Birmingham)
* Faisceaux de substance blanche (DTI)
* Importance des connections avec le thalamus



TRAVAIL EN COURS ET ETUDES A VENIR



STIMCOM — REPEATED tDCS

* tDCS répétée L-DPFC 10 jours

e 2mAvs 0.2 mA
e Controlée contre sham

CRS-R
EEG CRS-R
STIM STIM ST!M STIM STIM STIM
STIM CRS-R CRS-R n°l STIM CRS-R
CRS-R CRS-R n°2 CRS-R CRS-R EEG
R, 1 |
[ |

r I \ [ J  EEG CRS \ p .
S DL MaMel V

L{MaMelJ V S DL MaMelJ V S D] L|Ma Me J V
J

JOjJe J7 J8 J9 J10 J11 J12 J13 J14 J15 J16 J17 J18) J19 120 121122 J23 124 125126
J1

B stmutation et STIMULATION = 20 minutes

- STIMULATION N°2 CRS-R 10 minutes apreés fin de la stimulation



ETUDE SESSION UNIQUE EN DOUBLE AVEUGLE

Courant
continu
(tDCS)

Courant

alternatif

(tACS)

20 min
2 mA
CPFDLG
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Fronto-parietal
Hz 0O
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NG
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~
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J
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CONCLUSION

Plut6t les patients MCS que VS (intégrité fonctionnelle, CMD ?)
* Intérét des séances répétées

Efficacité faible Stimulation probablement
Effets bénéfiques a long terme ? sous-optimale

Nécessité de comprendre

. / g ° 7 7 . L4 [ ) °
Cinétique de la réponse (réponse tardive ?) ses mécanismes d’'action
* Parametres optimaux de stimulation

e Séance unique en ouvert si possible chez tous les patients
Inclusion des patients dans les protocoles de recherche



‘ PERSPECTIVES 164

e Stimulation personnalisée

e Combinaison a I'électrophysiologie = Marqueurs
prédictifs de la réponse

 Combinaison a I'imagerie morphologique et
fonctionnelle

* Modélisation mathématique

e Closed-loop et stimulation prolongée

 Autres modalités de stimulation
e Courant alternatif (tACS)
e Ultrasons...

Topological

Functional

Computational

Entropy
of evoked
pattems

Segregation

Largest
connected
component

Integration

Deco, Neuroimage 2017
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