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What is Consciousness?

Demertzi et al, Annals of the New York Academy of Sciences 2008



Saul Steinberg

The stream of Consciousness

Demertzi & Whitfield-Gabrieli. in: Neurology of Consciousness 2nd ed. 2015

Demertzi et al, Front Hum Neurosci 2013
Demertzi, Soddu, Laureys. Curr Opin Neurobiology 2013
Demertzi, Vanhaudenhuyse, Noirhomme, Faymonville, Laureys, J Physiol Paris 2015
Demertzi, Soddu, Faymonville et al, Prog Brain Res 2011
Vanhaudenhuyse*, Demertzi* et al, J Cogn Neurosci 2011



Fox et al, PNAS 2005

Anticorrelated brain systems



Demertzi, Soddu, Laureys, Curr Opin Neurobiology 2013
Demertzi & Whitfield-Gabrieli, in: Neurology of Consciousness 2nd ed. 2015

Demertzi et al, Front Hum Neurosci 2013
Laureys, Scientific American 2007

External awareness
or anticorrelated network

Internal awareness
or Default mode network

Switch 0.01-0.1Hz

A mode of awareness?



External-internal: r=-0.44, p<.02
Mean switch: 0.05Hz (range: 0.01-0.1)
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Vanhaudenhuyse & Demertzi et al, Journal of Cognitive Neuroscience 2011

Neurobehavioral relevance of 
the anticorrelations



Normal consciousness
Autobiographical mental imagery
Hypnosis 

Demertzi, Soddu, Faymonville et al, Progress in Brain Research 2011

p<0.05 corrected for multiple comparisons

*p<.05

Normal consciousness

Autobiographical mental imagery

Hypnosis

Anticorrelated connectivity is modified in 
hypnosis-Brain



External-internal: r=-0.41, 
Mean switch: 0.05Hz (0.04-0.05)

External-internal: r=-0.24, 
Mean switch: 0.03Hz (0.02-0.05)

Demertzi, Vanhaudenhuyse, Noirhomme, Faymonville, Laureys, J Physiol Paris 2015

Anticorrelated connectivity is modified in 
hypnosis-Behavior



Demertzi, Vanhaudenhuyse, Noirhomme, Faymonville, Laureys, J Physiol Paris 2015

Anticorrelated connectivity is modified in 
hypnosis-Behavior



Boveroux et al, Anesthesiology 2010

n=20

Propofol-induced 

Anticorrelations reduce in anesthesia



Parabolic flight

Parabolic flight trajectory

Effect of environment



Post – Pre flight

Van Ombergen … and Demertzi, Scientific Reports 2017

Anticorrelations reduce in 
extreme environments



RS functional connectivity : 
• is linked to behavior and task performance (Laird et al, J Cogn Neurosci. 2011)

• reflects physiological & pathological unconsciousness (Heine et al, Front 

Psychol 2012)

• permits single-patient automatic diagnosis (Demertzi & Antonopoulos et al, Brain 2015)

Ongoing interactions among distinct brain regions 
(Hutchison et al, NeuroImage 2013)

But

it remains unclear to what extent it provides a 
representative estimate of cognition 

(Peterson et al, NeuroImage Clin. 2015)

Interim conclusions



The brain is dynamic



Allen et al,  Cerebral Cortex 2014 
Liegeois et al, Nat Communications 2019

Stationary fc              Time-varying fc                Dynamic

From stationarity to dynamics



The brain cannot map the complexity of the internal and external world
(Dehaene, et al Trends Cogn. Sci. 2006; Tononi et al, Nat. Rev. Neurosci. 2016)

Barttfeld*, Ulhrig*,  Sitt*, et al, PNAS 2015

Unconsciousness:  rigid spatiotemporal 
organization, less metastable dynamics
• sleep (Tagliazucchi et al., PNAS 2013; Wang, et al, PNAS (2016; 

Wilson et al., Neuroimage 2015; Chow et al., PNAS 2013)

• anesthesia
o in humans (Tagliazucchi et al, J. R. Soc. Interface. 2016; 

Kafashan, et al, Front. Neural Circuits, 2016; Amico et al., PLoS One
2014)

o in animals (Barttfeld PNAS . 2014); Grandjean et al., 

Neuroimage. 2017; Liang, et al, Neuroimage 2015).

Typical wakefulness: significance for 
performance, emotion and cognition 
(Alavash, et al, Neuroimage, 2016; Shine et al., Neuron, 2016; Friston, Neuroimage, 1997; 
Thompson et al., Hum. Brain Mapp, 2013)

Brain dynamics and cognition



Disorders of Consciousness

Laureys et al, Curr Opin Neurol 2005 
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Awareness ? = response to command or non-reflex movements



Study cohort (N=159)

VS/UWS MCS CTR

LIEGE 17 23 21

PARIS 13 9 15

NY 6 10 11

Total 36 42 47

n = 125

LIEGE

EMCS 3

MCS 14

UWS 6

Main dataset
awake

Validation datasets
sedated                        CMD

ONTARIO

VS/UWS- 6

VS/UWS+ 5

Grant Type: Collaborative Activity Award, Phase I & II (2008-2017)

n = 23 n = 11

Demertzi & Tagliazucchi, Dehaene, Deco, Barttfeld, Raimondo, Martial, Fernández-Espejo, Rohaut, Voss, Schiff, Owen, Laureys, Naccache, Sitt.  
Science Advances 2019



EPI acquisition Preprocessing Brain parcellation

ROI timeseries

 extraction

Phase analysis
(Hilbert transform)

Unsupervised clustering
(k-means)

State identification
(cluster centroids)

Transition matrices

Slice-time correction

Realignment

Segmentation

Normalization

Smoothing

Motion outliers (ART)

aCompCor

Regressing out realignment 

         parameters and ART outliers

Bandpass filtering [0.008-0.09Hz]

(Sphere ROIs)
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Methods

Demertzi & Tagliazucchi, Dehaene, Deco, Barttfeld, Raimondo, Martial, Fernández-Espejo, Rohaut, Voss, Schiff, Owen, Laureys, Naccache, Sitt.  
Science Advances 2019



Demertzi & Tagliazucchi, Dehaene, Deco, Barttfeld, Raimondo, Martial, Fernández-Espejo, Rohaut, Voss, Schiff, Owen, Laureys, Naccache, Sitt.  
Science Advances 2019

Four brain patterns



Patterns (different k)

Demertzi & Tagliazucchi, Dehaene, Deco, Barttfeld, Raimondo, Martial, Fernández-Espejo, Rohaut, Voss, Schiff, Owen, Laureys, Naccache, Sitt.  
Science Advances 2019



Patterns (per site)

Demertzi & Tagliazucchi, Dehaene, Deco, Barttfeld, Raimondo, Martial, Fernández-Espejo, Rohaut, Voss, Schiff, Owen, Laureys, Naccache, Sitt.  
Science Advances 2019



Diffusion Spectrum Imaging

Hagmann, et al, 2008 PLOS Biol. 6, e159.
Demertzi & Tagliazucchi, Dehaene, Deco, Barttfeld, Raimondo, Martial, Fernández-Espejo, Rohaut, Voss, Schiff, Owen, Laureys, Naccache, Sitt.  
Science Advances 2019

Structure-function correlation



Demertzi & Tagliazucchi, Dehaene, Deco, Barttfeld, Raimondo, Martial, Fernández-Espejo, Rohaut, Voss, Schiff, Owen, Laureys, Naccache, Sitt.  
Science Advances 2019

Structure-function correlation



Dynamics: Markov Process



Demertzi & Tagliazucchi, Dehaene, Deco, Barttfeld, Raimondo, Martial, Fernández-Espejo, Rohaut, Voss, Schiff, Owen, Laureys, Naccache, Sitt.  
Science Advances 2019

Transitions differ with respect to
state of consciousness



Demertzi & Tagliazucchi, Dehaene, Deco, Barttfeld, Raimondo, Martial, Fernández-Espejo, Rohaut, Voss, Schiff, Owen, Laureys, Naccache, Sitt.  
Science Advances 2019

Pattern exploration differs with respect to
state of consciousness



Do we measure consciousness?



Self = Consciousness?

The minimal self
social 

narrative

minimal 

Blanke & Metzinger Trends Cogn Sci 2008



Auditory oddball paradigm

Post interval 

Brain-body interactions

Cardiac cycle phase acceleration
only in MCS

Electrocardiographic markers carry 
independent information from EEG



Seth,  Suzuki,  Critchley, Frontiers Psychology 2012
Seth & Friston Philosophical Transactions of the Royal Society B: Biological Sciences 2016

Which model for Unconsciousness?

!Apply to our lab!



Consciousness needs a brain which:
• is intrinsically organized
• shows complexity
• shows dynamic flexibility

Taken together…

Consciousness as brain-body interactions

Consciousness as active inference



Thank you

Coma Science Group & PICNIC Lab

The deparments of Neurology and Radiology in Liège & Paris

…and mostly 
patients and their families!

a.demertzi@uliege.be
ADemertzi



The Hilbert transform

Cohen, Mike X. 2014. Analyzing Neural Time Series Data, 2014. Cambridge, MA: The MIT Press. Chapter 14



Phase coherence


