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➢ After severe brain injury (traumatic, vascular, anoxic…) 
➢ Several clinical entities
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Disorders of Consciousness (DOC)



Disorders of Consciousness (DOC)
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Unresponsive 
Wakefulness Syndrome

Eye-opening
Reflex behaviors

UWS
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Disorders of Consciousness (DOC)
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Minimally Conscious State
Non-reflex behaviors (signs 

of consciousness)
MCS+: language-related

MCS-: not language-related
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Disorders of Consciousness (DOC)

5Schiff (2010)

Emergence 
Functional object use

Functional 
communication

UWS
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➔ 40% misdiagnosis rate
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Diagnosis: bedside

Giacino et al. (2004)
Seel et al. (2010)

➢ Current gold standard for DOC
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Diagnosis: neuroimaging

Gosseries et al. (2014)
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Treatment options 

➢ Conventional rehabilitation: physical/occupational/speech/music therapies
➢ Pharmacological: amantadine, zolpidem, apomorphine…
➢ Neurostimulation: deep brain stimulation (surgical), vagal nerve stimulation 

(surgical), repeated transcranial magnetic stimulation
➢ Neuromodulation: transcranial direct/alternating/pulsed current stimulation, 

focused ultrasound pulsation, transauricular vagal nerve stimulation

8Thibaut et al. (2019)
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Transcranial direct current stimulation (tDCS) 
• Modulates neural excitability using low density direct current (1 – 2 mA)

➔Membrane polarization
Anode:   ↗  excitability 
Cathode:  ↘  excitability       
➔ Long term effects 
Neural excitability & plasticity (LTP-LTD)                               
Ion channels (Na+, Ca 2+) 
NMDA receptors 

10
Nitsche et al. (2010)
Thibaut et al. (2014)

Prefrontal stimulation

Motor stimulation

Stimulating 

electrode

Stimulating

electrode
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tDCS for DOC?

➢ Indications in pain, depression; used in stroke, Parkinson, Alzheimer

➢ Easy to apply, safe, painless, affordable, reliable sham condition

11

Fregni et al. (2007)
Nitsche et al. (2009)
Elsner et al. (2016)
Boggio et al. (2006)
Ferrucci et al. (2008)
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tDCS for DOC?

➢ Significantly increases level of consciousness (CRS-R total score) 

➢ Left dorsolateral prefrontal cortex (DLPFC) 

➢ More responders in MCS population

➢ Repeated sessions (5) more efficient & well tolerated  

12
Thibaut et al. (2019)
Antal et al. (2017)
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tDCS as a 
treatment
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based long term 
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Study 1: Objectives

▶ Estimate the time course to 
recovery of consciousness in the 
subacute phase 

▶ Determine which behavioral signs 
of consciousness are first to 
emerge at transition from 
unconscious (coma, UWS) to 
conscious (MCS, EMCS) states

15Laureys (2007)
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Study 1: Methods

▶ Retrospective observational study 

▶ Patients admitted unconscious (coma/UWS); transitioned to 
consciousness (MCS/EMCS) during their rehab stay

16
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Study 1: Results
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TBI Non-TBI
TBI and Non-

TBI
TBI vs non-TBI 

comparison
N (male) 34 (25) 45 (26) 79 (51) p=0.705 b

Age
33 a

[23 – 53] 
57 

[33 – 64] 
48 

[25.5 – 61] 
p=0.002 c

Days from injury to 

rehab admission

28.5 
[20.25 – 35.5]

25 
[20 – 36]

26 
[20 – 36]

p=0.454 c

Days from injury to

recovery of 

consciousness

41 
[29 – 50] 

46 
[35 – 63]

44 
[33 – 59]

p=0.517 c

a=Median [interquartile range]; b=Fisher’s exact test; c =Wilcoxon Rank Sum test
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Study 1: Results
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Study 1: Conclusions

19

▶ Top 3 transition markers (sensitivity of assessments)

▶ ~6 weeks to transition (TBI & nTBI)

▶ Limitations: low sample size, single-site study (selection bias), 
retrospective analysis

Introduction | Part One          | Part Two | Discussion & Conclusion
Study 1   Study 2       Study 3   Study 4   Study 5                                             



Part 2
tDCS as a 
treatment

Study 3. Home-
based long term 

tDCS

Study 4. Motor 
tDCS

Study 5. Multifocal 
frontoparietal 

tDCS

Part 1
Diagnosis at the 

bedside

Study 1.
Behavioral markers 

of consciousness 
recovery

Study 2. Recovery 
of intentional and 

functional 
communication

20

Introduction | Part One          | Part Two | Discussion & Conclusion
Study 1   Study 2       Study 3   Study 4   Study 5                                             



Study 2: Objectives

▶ Communication = critical milestone recovery trajectory

▶ Most valued outcome for caregivers

▶ Facilitates autonomy and therapeutic interventions

➔ How long after injury?

21
Binder et al. (1997)
Lee et al. (1996)
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Study 2: Methods

▶ Characterize the time-course of recovery of intentional and 
functional communication after severe brain injury

▶ Patients admitted non-communicative, followed for 8 weeks 
(standardized DOC rehab program)

22

≤ 2/6 questions 
(in)accurately

6/6 questions 
accurately

Observational 
retrospective
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Study 2: Results
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175 patients; 48 [27 – 61] 
years old, 28 [21 – 38] days 
post-injury, 100 TBI

IC = Intentional Communication (≤ 2/6 questions (in)accurately)
FC = Functional Communication (6/6 questions accurately)
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Study 2: Conclusions

24

▶ ~70% of non-communicative patients admitted to rehab 
recover communication 

▶ Potential for late recovery of communication

▶ May help inform clinical treatment planning and caregiver 
expectations

▶ Limitations: single-site study (selection bias), retrospective 
analysis
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Study 3: Objectives

▶ Prefrontal tDCS (MCS patients) – repeat sessions

▶ Increase the amount of sessions, tackle transportation issues

➔ Investigate behavioral effects, safety and feasibility of long term home-
based prefrontal tDCS

26
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Study 3: Methods

▶ Chronic MCS patients at home or in rehabilitation facilities

▶ Relatives/caregivers training

▶ tDCS lDLPFC 20 min 2 mA 5x/week

Double-blind 
crossover sham 

controlled 27
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Study 3: Results
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• Compliance: 93±14%

• 5 patients compliance 
˂80% 

• Modified Intention To Treat 
(mITT) analysis: 27 patients

• Per Protocol (PP) analysis: 
22 patients

Thibaut et al. (2017)
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Study 3: Results

• 27 chronic MCS patients 
completed the study (mITT)

CRS-R: Trend for treatment effect

• 22 MCS patients received ≥80% 
tDCS sessions (PP)

CRS-R significant treatment effect 
& trend at 8-week follow-up

• Safety: no severe adverse event 
reported 29Wilcoxon Matched Paired tests

Introduction |          Part One          | Part Two | Discussion & Conclusion
Study 1   Study 2       Study 3   Study 4   Study 5                                             



Study 3: Conclusions

➢ Home-based long term prefrontal tDCS efficient to improve 
behavioral responsiveness in chronic MCS

➢ Need for continuous neuromodulation

➢ Feasible to train non-professionals 

➢ Safe if complying with security guidelines for remote tDCS

➢ Limitations: periodic assessments, dropouts

30Charvet et al. (2015)
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Study 4: Objectives

▶ Target motor cortex 
(consciousness ↔ motor output)

▶ Cognitive motor dissociation 
(CMD)

▶ Investigate behavioral effects 
(CRS-R) of motor tDCS in DOC

▶ Investigate effects on CRS-R 
subscales independently

32Thibaut et al. (2018)
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Study 4: Methods

▶ Acute & chronic UWS/MCS patients

▶ tDCS M1 (most affected side) 20 min 2 mA 1x

Double-blind 
crossover sham 

controlled

33
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▶ Group level: no significant improvement (no treatment effect 
for total score AND for each CRS-R subscale)

▶ Single-subject level: 2 responders (recovered object 
localization and visual pursuit)

Study 4: Results

34

10 patients; 58 [26 – 68] years 
old, 44 [31 – 201] days post-
injury, 5 TBI; 4 UWS, 6 MCS

CRS-R Total Score 

Before Active After Active Before Sham After Sham
Median 

[IQR]
6,5 

[4,5 - 8,8]
7 

[4,8 - 10,5]
5,5 

[4,0 - 11,8]
7 

[4,8 - 8,8]

Wilcoxon Matched Paired tests
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➢ Less efficient than prefrontal tDCS

➢ Limitations: pilot study (small sample size), single session

➢ Contradictory with another open-label study in 10 chronic 
MCS TBI (80% responders) but bilateral anodal M1 tDCS

➢ Needs further investigation with a priori sample size 
estimation and larger subgroups

Study 4: Conclusions

35
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▶ Frontoparietal network: external awareness

▶ Multifocal stimulation (vs. single-site)

▶ Electrophysiological effects?

▶ Investigate the behavioral and EEG effects of multifocal 
frontoparietal tDCS in chronic DOC (UWS, MCS, EMCS)

Study 5: Objectives

37
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▶ tDCS FP 20 min 4x1mA 1x

Study 5: Methods

Double-blind 
crossover sham 

controlled

38

& EEG & EEG & EEG & EEG
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Study 5: Results

▶ No behavioral treatment effect at the group level neither in 
diagnosis/etiology subgroups

▶ No electrophysiological treatment effect

39

46 patients; 46 [35 – 59] years old, 
12 [5 – 47] months post-injury, 22 
TBI; 17 UWS, 23 MCS, 6 EMCS
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Study 5: Results

▶ Individual level: three types of behavioral response

tDCS+ : increase after active tDCS (n=7; 4 MCS-3 EMCS; 6 TBI)

tDCS= : no change (n=32; 17 UWS-13 MCS-2 EMCS; 13 TBI)

tDCS- : decrease after active tDCS (n=7; 6 MCS-1 EMCS; 3 TBI)

40

46 patients; 46 [35 – 59] years old, 
12 [5 – 47] months post-injury, 22 
TBI; 17 UWS, 23 MCS, 6 EMCS
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Study 5: Results

▶ Significant correlation between 
CRS-R score change & baseline 
theta complexity (rho= -0.429; 
p=0.02) in conscious patients 
(MCS/EMCS)

tDCS- : decrease after active tDCS

tDCS= : no change

tDCS+ : increase after active tDCS
4141

tDCS –

tDCS +

tDCS =

∆= MCS
○= EMCS

Spearman correlation
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Study 5: Conclusions

▶ Frontoparietal multifocal: less efficient 

▶ Individual level: 15% responders

▶ BUT 15% lose conscious behaviors!

▶ Baseline theta complexity as biomarker for responsiveness

▶ Responders? – behavioral fluctuation

▶ Limitations: montage? Single session, burdensome protocol

4242
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Conclusions: behavioral recovery

▶ Visual pursuit = prevalent marker of transition to 
consciousness (within 6 weeks)

▶ Repeat the CRS-R assessments

▶ 69% of non-communicative patients admitted to rehab 
recover communication over 6-7 weeks 

▶ Potential for late recovery of communication

Introduction | Part One          | Part Two | Discussion & Conclusion
Study 1   Study 2       Study 3   Study 4   Study 5                                             



44

Perspectives: behavioral recovery

▶ Track down behavioral recovery in acute settings (ICU)

▶ Investigate relationships between trajectory of recovery and 
long-term outcome

▶ Simplify the behavioral assessment: shorter scales (SECONDs, 
CRS-R FAST)

▶ Involve the caregivers: DoC-feeling

Hermann et al. (2019)
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Conclusions: tDCS as a treatment option

▶ Repeated prefrontal tDCS in home-based setting: efficient, 
feasible and safe – strong adjuvant to current treatment 
approaches

▶ Motor tDCS: less efficient

▶ Frontoparietal multifocal: less efficient but baseline theta 
complexity could be a biomarker for responsiveness

Prefrontal repeated tDCS = best option so far
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▶ Brain-state dependent stimulation

▶ Patient tailored stimulation – individual montage modelling 
based on prior neuroimaging

▶ Combination with other therapeutic interventions: physical 
therapy, occupational therapy 

▶ Combination with pharmacological interventions (e.g., NMDA 
receptor agonists)

Future directions

46
Nair et al. (2011)
Dehem et al. (2018)
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➢ Track visual pursuit, response to command & automatic 
movement in UWS

➢ Consider potential for communication recovery within 6 
weeks post-injury during acute decisioning

➢ Consider tDCS in therapeutic arsenal

➢ Favor left prefrontal stimulation & repeated sessions

➢ Expect greater response rates in MCS

➢ Caregivers can be safely involved in delivering tDCS remotely

Take Home Messages for clinicians 

47

Additional slides
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Study 1: Results TBI vs Non-TBI
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Transcranial direct current stimulation (tDCS) 

• Modulates neural excitability using low density direct current (1 – 2 mA)
➔Membrane polarization
Anode:   ↗  excitability 
Cathode:  ↘  excitability       

The calcium blocker Flunarizine reduced the effects of anodal motor tDCS
The sodium blocker Carbamezipine abolished the effect of anodal motor tDCS
The NMDA receptor agnosit d-cycloserine increased the duration of the effects

53Nitsche et al. (2003)
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Study 3: Results

• Compliance: 93±14%

54
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▶ Involved ++ in attention and working memory

▶ Integrates inputs from associative cortices

▶ Hub of motor control and planning 

network

▶ Right DLPFC: arousal and attention

Why the left DLPFC?

Additional slides
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Devinsky and D’Esposito (2004)
Heekeren et al. (2006)
Sturm and Willmes (2001)
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Why prefrontal tDCS?

➢ Mesocircuit hypothesis

Schiff et al. (2010)

Additional slides



▶ Estimate of algorithmic complexity

▶ Depicts ‘randomness’ of the neural signal

➔ Integrity of inter-neural connectivity 

▶ Decreases under anesthesia, sleep (less 
brain oscillations)

▶ Increases under psychoactive drugs 
(ketamine)

▶ Decreased in DOC vs HC 

▶ Increased in MCS/EMCS vs UWS

LZW Complexity

Additional slides

57Martens et al. (submitted)



Closed loop EEG pilot patient

▶ Fluctuations in spectral entropy 

58
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