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Trauma
Anoxia
Hemorrhage
Metabolic
Infection
Inflammation

Coma UWS MCS- MCS+ Emergence

LIS

MCS* / CMD
Covert awareness

UWS: Unresponsive wakefulness syndrome
MCS: Minimally consciousn state
LIS: Locked-in syndrome
CMD: Cognitive motor dissociationBodart et al., Semin Neurol, 2013

Disorders of consciousness



Edlow et al., Nat. Rev. Neurol., 2020

Sanz et al., Curr. Op. Neurology, 2021

Cognitive motor dissociation (CMD)
Covert  awareness
MCS* 

Introduction I Top-down approaches I Bottom-up approaches I Future directions 



Response

to command

Low-level 

purposeful

behavior

Arousal

×

Clinical diagnosis COMA VS/UWS MCS- MCS+

Response

to command

(EEG/fMRI)

× √ √ √

Cognitive Motor Dissociation (CMD)

N
eu

ro
b

eh
av

io
ra

l
as

se
ss

m
en

t
EE

G
/f

M
R

I
as

se
ss

m
en

t √√√

√××

×× √ √

Classen et al. Neurocrit. Care 2023 
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478 in REDCap Database

353 (75%) with CRS-R &       

≥ 1 interpretable fMRI or EEG

61 no CRS-R available

43 no task-based fMRI or EEG available

16 all task-based fMRI/EEG data uninterpretable 

5 no CRS-R  within 7 days of fMRI or EEG

No command following

241 (68%) Coma/VS/MCS-

60 (25%) 

+ fMRI AND/OR + EEG

43 (38%) 

+ fMRI AND/OR + EEG

Cognitive motor dissociation

69 (62%) 

- fMRI AND - EEG
181 (75%)

- fMRI AND - EEG

Command following

112 (32%) MCS+/eMCS

Bodien et al. NEJM 2024 
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6 centres – EU & USA (2006-2023)

TBI,   age,   TSO
fMRI + EEG



Typical UWS MCS*/CMD

NeuroRehab
Palliative or 

withdrawal of 
care discussion

CRS-R = UWS CRS-R = UWS 

Multimodal assessments for an accurate diagnosis

Gosseries et al, 

Brain Inj 2014
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• Absence of communication 

• Lack of interaction with environment

• Severe motor disability (e.g., spasticity)

• Constantly bedridden

• Fatigability

• Aphasia, blindness, deafness, …

Limit access to active interventions

Management of DoC patients
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*consent



Class Pharmacologic Electromagnetic Mechanical Sensory Regenerative

Best 

evidence

RCT 

(amantadine)
RCT (tDCS, TMS) Case series RCT (auditory)

Phase 1 trials 

(stem cells)

Efficacy
Faster rate of 

recovery

Improvement 30-

50% MCS patients 

(frontal tDCS)

Improvement 

in 1/1 acute &

2/3 chronic 

patients

Behavioral + 

fMRI 

improvements

Possibly faster 

recovery

Safety +

DBS –

tDCS, TMS, 

taVNS: ++

++

Tactile,

auditory: +++

Vestibular: ++

Unknown

Limits

Delayed action, 

drug tolerance, 

transient effects

DBS: invasive 

tDCS, TMS,

taVNS: moderate 

transient effects

Early 

development

Tactile, auditory: 

uncertain effects,

Vestibular: early 

development

Early 

development

Ongoing

trials
4 10 1 5 0

Studied interventions

Edlow*, Sanz* et al., 2021
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Brainstem

Schiff et al, 2010

Mesocircuit model
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Deep Brain Stimulation
Focused ultrasound

Electromagnetic
tDCS/rTMS

Amantadine

Apomorphine

Vagus Nerve Stimulation

Brainstem

Zolpidem

Schiff et al, 2010
Schiff et al, 2010
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Mesocircuit model



Schnakers et al, JNNP, 2008

Amantadine
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➔ Ongoing multimodal multicenter RCT

A. GilletGiacino et al, NEJM, 2012



Chatelle et al, Front Hum Neurosci, 2014

Williams et al, Elife, 2013

N=3

Zolpidem
• Brain metabolism in responders (~5% of DoC patients)  

• Brain electrical activity in responders 

N=3
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Fatemeh
Seyfzadeh

➔ Ongoing RCT



Psychedelics to treat DoC ? 

1st pilot : reduced spasticity & responsivness

Ketamine
NMDAR antagonist

Psilocybin
serontonin agonist

Cardone et al. iScience 2024

O. Gosseries

N. Lejeune

C. Martial

V. Bonhomme
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• Top-down stimulations

• Central stimulations

• Bottom-up stimulations

Neuromodulation : how to approach the system?
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TOP-DOWN 
APPROACHES



• Moderate effect sizes
• + effects in MCS 
• Prefrontal tDCS ≃ best target
• Need individualized protocols

Prefrontal

+

-

Precuneus Motor

Moteur & 

PFDL
F4 F3

CP5CP6

Fp1Fpz O1Oz

Multichannel frontoparietal 

Thibaut et al, 2014, 2017; Huang et al, 2017; Martens et al, 2018; Martens et al, 2019 , Martens et al, 2020, Carrière et al. 2020, Barra et al, 2022
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Transcranial Direct Current Stimulation (tDCS)

A. Barra

G. Martens



Thibaut et al, Brain Stimulation, 2018

• 67yo woman in UWS for 4y 

after subarachnoid hemorrhage

• Out of 7 CRS-R, 1 L to P

• Consistent response 
to command only after tDCS 

tDCS may facilitate motor execution of command when cognitive functions are 
(partially) preserved

tDCS & Cognitive Motor Dissociation
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• Are 4 weeks of prefrontal tDCS more effective than 
sham in improving consciousness in patients with 
DoC while being in rehabilitation? 

• Is there a difference between TBI/nTBI and 
UWS/MCS?

• Can the effect last over time (3 months follow-up)?

tDCS multicenter trial
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➔ 62 patients: 32 MCS, 23 TBI, 33 active tDCS, age: 44±14 yo, TSO: 37±24w.

• No clinical effects at the group level 
• Improvement at 3-month follow-up for MCS & TBI

UWS (n=30) & MCS (n=32) UWS (n=30) & MCS (n=32)

4 weeks of tDCS 3 month follow-up

Prefrontal tDCS 
(20 min – 2 mA)

tDCS multicenter trial
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Thibaut et al, Eur J Neurol. 2023



Feasibility of prefrontal tDCS for daily use – 20 sessions by relatives/caregivers 

• 27 MCS patients – adherence: 93±14%
• No clinical effects 

• 22 MCS patients received ≥80% tDCS sessions
• Significant effects & trend at 8-week follow-up – no AE

Martens et al, Brain Stimulation 2018
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Post tDCS 8 weeks follow-up

p=0.043 p=0.059

tDCS clinical translation
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G. Martens



Timing of stimulation – closed loop tDCS

Recording Stimulation

➔ Pilot study completed

3 pilots 6h EEG 

Spectral entropy in 
Pilot_01 

Spectral entropy
from Piarulli et al. 2016
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Martens et al., Behav Brain Res. 2021

A. Barra G. Martens



Thibaut et al, Brain Stimulation, 2015, 2018

tDCS responders ≠ non-responders

Brain connectivity (hd-EEG)
theta centrality 

Brain metabolism (PET-scan)
≠ responders & non-responders 

EEGin responders
in non-responders    

Grey matter atrophy (MRI)

non-responders

Predicting clinical response

responders 

➔ Partially preserved brain areas (structural & functional)
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Xie et al, 2012, Cincotta et al, Cortex, 2015; Liu et al, Eur Neurol, 2016; Xia et al, 2017; He et al, 

Neural Plasticity, 2018, Legostaeva et al, 2019

• Motor cortex : no behavioral improvement (RCT)

• DLPFC : behavioral improvement + alpha power increase                  
(open-label & sham controlled single blinded)

• Angular Gyrus : behavioral improvement in MCS not in 
UWS (open-label)

Ongoing RCT : Angular Gyrus & DLPFC rTMS in 
prolonged DoC 

Transcranial Magnetic Stimulation (TMS)
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Vitello et al., Frontiers Neurol 2023



Vitello et al., 2023

Double-blind RCT in 90 patients with prolonged DoC

Transcranial Magnetic Stimulation (TMS)
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O. Gosseries

M. Vitello



BOTTOM-UP 
APPROACHES



Adapted from Vitello et al., 2023
Adapted from Dumoulin et al. 2021
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Transcutaneous Vagal Nerve Stimulation (tVNS)



Invasive VNS 

Case report: 1 month of VNS 

UWS to MCS but no RCT so far

Vagal Nerve Stimulation (VNS)

Non-Invasive transcutaneous VNS 
(tVNS)

Case series and open label studies

Recent RCTs in prolonged DoC

Corazzol et al, Curr Biology, 2017 

Yu et al, Brain Stimul, 2017; Hakon et al, Neuromodulation, 2020 ; Noe

et al, Brain Stimul, 2021, Zhou et al. Frontiers Neurosci. 2023, Zhou et 
al. Frontiers Neurol, 2023
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Double-blind randomized controlled clinical trial in 44 acute patients

Vitello et al. Int J Clin Health Psychol. 2023

Introduction I Top-down approaches I Bottom-up approaches I Future directions 

Transcutaneous Vagal Nerve Stimulation (tVNS)

5 days of 45 minutes (3mA, 200-300μs current width, 25Hz) taVNS vs Sham (earlobe)

M. Vitello
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Transcutaneous Vagal Nerve Stimulation (tVNS)

Significant treatment effects
CRS-R increase : taVNS (3 [0-6]) vs sham (0 [0-2])
No changes on EEG (power, connectivity)
No changes at 3-month follow-up (DRS, GOSE)

44 patients : 22 active & 22 sham
23 MCS, 9 TBI, 20 females, ± 21d post-injury

M. Vitello*

No serious adverse event – NCS-R <4
Good adherence (91%)



Patient 11: Responder 3

• 18 yo patient with acquired brain injury due to 
severe TBI, 18 days since onset

• Diagnosed MCS+ at day 1 (reproducible
response to command)

• Improved to eMCS at day 5 (functional use of 
objects and functional communication)

• + Contingent behaviors : afraid of the EEG cap 
and cried when his mom entered the room
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M. Vitello

*consent



CENTRAL 
APPROACHES

CENTRAL 
APPROACHES



Intralaminar nuclei “reconnections” in spontaneous recovery from unresponsive state

Case-report : MCS ➔ emerged – prolonged effects

No RCT & complications
Schiff et al, Nature 2007

Deep Brain Stimulation (DBS)
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Target thalamus non-invasively

Monti et al, Brain Stimul 2016, Cain et al, Brain Stimul 2021

Case report – acute

25 yo male, 19 days post-TBI

CRS-R 15 to 17 (motor related behavior)

➔ 3 days later emergence 

Series of cases – prolonged

3 patients – stroke, CA, TBI

MCS > 1y post-injury 

➔ 2/3 improved

➔ 1/3 up to 6m follow-up 

Low Intensity Focused Ultrasounds (LIFU)
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Conclusions 
Top-down approaches

▪ tDCS is safe in severely brain-injured patients

▪ Prefrontal tDCS 

o consistent moderate clinical improvement

o repeated sessions

o TBI & MCS 

▪ rTMS : M1 vs prefrontal & AG 

Bottom-up & central approaches

▪ DBS promising but invasive 

▪ LIFU promissing – need RCT

▪ taVNS feasible in ICU & promissing
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• Timing of stimulation

Closed-loop system 
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Thibaut & Martens, Nature Rev Neurol, 2024



• Timing of stimulation

• Patients’ tailored stimulation

Individualized montage 
Patients’ brain lesion (T1)
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Thibaut & Martens, Nature Rev Neurol, 2024

Biagi et al. In prep



• Timing of stimulation

• Patients’ tailored stimulation

• tACS, taVNS, LIFUP, …

Combination of therapies
Top-down & bottom-up 
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Thibaut & Martens, Nature Rev Neurol, 2024



• Timing of stimulation

• Patients’ tailored stimulation

• tACS, taVNS, LIFUP, …

• Consciousness >< motor

Motor pathways
Physical therapy, spasticity, …
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Motor areas

Thibaut & Martens, Nature Rev Neurol, 2024



Synergistic music & tACS stimulations in prolonged DoC

test auditory-motor coupling – music & M1-tACS – on recovery of consciousness
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M. Poncelet

Multicentre, 
randomised, 

sham-controlled, 
4-arm, crossover, 

single-session trial

Synchronized tACS 
+ music

100beats/min

35 pDOC
35 HC



Thank you

athibaut@uliege.be

www.giganeurorecovery.uliege.be
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