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Consciousness is multidimensional
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Approaches to Consciousness

Clinical Wakefulness Embodiment

Disorders of Consciousness Mind Blanking Brain-Body Interactions



PART 1

he Clinical Paradigm
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Inferring Consciousness from Behavior
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Inferring Consciousness from Neuroimaging

Active paradigms | Passive paradigms

“Imagine playing
)\ tennis”

\ “Imagine visiting
s ) the rooms
41 of your house”

Owen et al, Science 2006 Boly et al, Lancet Neurol 2008
Monti & Vanhaudenhuyse et al, NEJM 2010



The Spontaneous mind
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Resting ...costs

Oct.18,1969 T H E Price 50 cents
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Default mode of function

Task deactivations
Task performance - Rest (fixation/eyes closed)
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Demertzi & Whitfield-Gabrieli, in: Neurology of Consciousness 2" ed. 2015
Demertzi, Soddu, Laureys, Curr Opin Neurobiology 2013

Demertzi et al, Front Hum Neurosci 2013

Raichle et al, PNAS 2001



The Default Mode Network
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syndrome
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Demertzi & Whitfield-Gabrieli, in: Neurology of Consciousness 2™ ed. 2015 conscious state state BRAIN AJOURNAL OF NEJROLOGY
Demertzi, Soddu, Laureys, Curr Opin Neurobiology 2013
Demertzi et al, Front Hum Neurosci 2013 Vanhaudenhuyse & Noirhomme et al, Brain 2010
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Functional Anticorrelations

Propofol-induced
Wakefulness Unconsciousness
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Fox et al, PNAS 2005 Boveroux et al, Anesthesiology 2010



Anticorrelations reflect cognition

External awareness
or anticorrelated network
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Demertzi & Whitfield-Gabrieli, in: Neurology of Consciousness 2" ed. 2015
Demertzi, Soddu, Laureys, Curr Opin Neurobiology 2013
Demertzi et al, Front Hum Neurosci 2013



Anticorrelations reflect cognition

Internal awareness External-internal: r=-0.44, p<.02
External awareness Mean switch: 0.05Hz (range: 0.01-0.1)

Totally aware
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Awareness

Not aware
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time (in
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Vanhaudenhuyse*, Demertzi* et al, J Cogn Neurosci 2011



Anticorrelations are reduced in hypnosis

O Normal wakefulness Normal wakefulness

O Autobiographical mental imagery
B Hypnosis

* *
* * *
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*p<.05

p<0.05 corrected for multiple comparisons

Demertzi, Soddu, Faymonville et al, Prog Brain Res 2011
Demertzi, Vanhaudenhuyse, Noirhomme, Faymonville, Laureys, J Physiol Paris 2015



Anticorrelations reduced after exposure to
extreme environments

Parabolic flight
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Steven Laureys® & Athena Demertzi®’



Anticorrelations reduced after exposure to
extreme environments

Pre-flight

Effect size (beta values)
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No Anticorrelations in DoC Patients
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Anticorrelations are a prerequisite for Consciousness

Region A Region B
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Demertzi, Kucyi, Ponce-Alvarez, Keliris, Whitfield-Gabrieli, Deco. Network Neurosci 2022



Resting State has Multiple Networks

Default mode Executive control Executive control Salience Sensorimotor
network network left network right network network

(x=0, y=-43, 2=24)

Auditory Visual medial Visual occipital
network network network network

Biswal et al., Magn Reson. Med 1995
Smith et al, PNAS 2009
Heine et al, Front Psych 2012

(x=3, y=-17, 2=1) (x=11, y=-82, z=0) (x=17,y=-73,z=-1) (x=13, y=-80, z=-1) (x=1, y=-50, z=-14)



Which Network Differentiates Patients Best?

Default mode Executive control Executive control  Salience Sensorimotor Auditory Visual medial Visual lateral  Visual occipital Cerebellum
network network left

network right network network network network network network

(x=1,y="50,2=-14)

1. Goodness-of-fit calculation 2. Multiple template assignation 3. “Neuronality” test
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Network Neuronality Differentiates Patients from Healthy
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Which Network Differentiates Patients Best?

Default mode network  Frontoparietal network  Salience network Auditory network Somatosensory network  Visual network
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* 14 trauma, 28 non-trauma, 3 mixed criterion classification
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" W t P
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Demertzi & Antonopoulos et al, Brain 2015



Patient separation based on cross-modal interaction:

* Training set: 45 DOC (26 MCS, 19 VS/UWS) ¢ Test set:

» 14 trauma, 28 non-trauma, 3 mixed + 16 MCS, 6 VS/UWS (15 non-trauma; all chronic)
+ 34 patients assessed >1m post-insult 2 different centers
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Demertzi & Antonopoulos et al, Brain 2015



Complete hemispheretomy

Complete hemispherotomy
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The brain as a network

100 billion neurons, ~100 trillion synaptic connections

The Connectome
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Fornito, Zalesky, Bullmore. Ch 1: An Introduction to Brain Networks. Fundamentals of Brain Network Analysis, Academic Press 2016
Sporns, Tononi, & Koetter. PLoS Comput Biol 2005



Unsupervised Clustering
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“Rich” connectivity in communicating states

Pattern 1 Pattern 2 Pattern 3 Pattern 4
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“Poor” connectivity reflects anatomy

KW =4x10" UWS/MCS = 0.007
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Science Advances 2019



“Poor” connectivity in Unconsciousness

Pattern 1 Pattern 2 Pattern 3 Pattern 4
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Higher dynamism in
conscious states
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Pattern 2
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Science Advances 2019



What do these patterns mean?
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PART 2
Mind Blaking




Mental states




Voluntary Mind Blanking?

”Keep awake, fixate on the
cross, and think of nothing
as best you can. When you
realise that you are thinking
about something, disengage
your attention and again try
to think of nothing”.

34)

- Visual (
Temporal (35)

50% 100%

Default mode (33)
Default mode (36) — Frontal (39)

Default mode (33)

think of nothing think of nothing think of nothing

Functional Network Connectivity (2)

Kawagoe et al, Eur J Neurosci 2018

“When you realize that you
are thinking about something,
disengage your attention and
again try to think of nothing
during the scans”

-
X =-46
Kawagoe et al, Hum. Brain Mapp 2019




Probing MB reports

30-60 seconds
Absence | Perception
(MB) (Sens) l
S- S- '
dependent |independent|
(SDep) (SInd) e "
Preprobe Button pressing Rest Preprobe Time
— B (43-58min)
L J L )
K-means clustering

n subjects= 36

Similarity Measure (
Pattern Extraction n probes =50
L duration = 48-58min

Calculation
(Cosine Similarity)

Mortaheb, Van Calster, Raimondo, Klados, Boulakis, Georgoulaa, Majerus, Van De Ville*, Demertzi*. PNAS 2022

Van Calster, D’Argembeau, Salmon, Peters, Majerus, J Cogn Neurosci 2017



Probed Mind Blanking linked to widespread deactivations

fMRI univariate analysis of MB Bayesian linear model of the beta parameters in Q'\‘g’;:\
reports reveals whole-brain the ACC cluster (Kawagoe 2019) ‘ ‘:;7

deactivations

Prior expectations Traceplot of model fit (MCMC-NUTS)

5000 10000 15000 20000 25000 30000 35000 40000
94.0% HDI Posterior differences between MB and the other mental sta

( MB - SDep, 0.03>0
—— MB - SInd, 0.015>0
—— MB - Sens, 0.101>0

-5.8 -4.3 -3.1 4 02

Posterior values Posterior distribution contrasts
The vmPFC/ACC contains Frontal deactivations differentiated
significant evidence for MB deactivations between MB and Sind

0.0 3 -1.00 -0.75 —-0.50 —-0.25 0.00 0.25 0.50

voxel-level puncorrected <0.001
cluster level prpr <0.05

Boulakis, Mortaheb, Van Calster, Majerus, Demertzi. JNeurosci 2023



Mind Blanking is Sparse

Less frequent

A
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Mortaheb, Van Calster, Raimondo, Klados, Boulakis, Georgoulaa, Majerus, Van De Ville*, Demertzi*. PNAS 2022
Van Calster, D’Argembeau, Salmon, Peters, Majerus, J Cogn Neurosci 2017



MB is linked to a hyper-connected pattern

Pattern 1 Pattern 2 Pattern 3 Pattern 4
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Slow wave-like activity in wakefulness

Properties of slow waves Predictive of mental states
10 | Wake 40 | Sleep
Slow-Wave Slow-Wave
5 20 /
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Andrillon et al, Nat Communications 2021



Higher Global Signal amplitude = Lower vigilance

Uncorrected!

GSR| §

GSN| ¥

GSS|

S10 R2

The Global Signal

PCC Correlation Maps
S15R3 S8 R3

Liu et al, Neurolmage 2017
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GS amplitude is linked to low arousal

R=0.68, p=0.0004
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GS amplitude decreases with caffeine intake

A = post-dose minus pre-dose

R=-0.91, p=0.0002
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Wong et al, Neuroimage 2013



Occurrence Rate

Lower Global Signal amplitude > Higher vigilance
*

Pattern 1 Pattern 2 Pattern 3 Pattern 4
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BOLD amplitude reductions
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Psilocybin-Placebo

Mortaheb, Fort, Mason, Mallaroni, Ramaekers, Demertzi. Biol Psychiatry-CNNI 2024



Higher connectivity in unconscious states

NREM sleep Isoflurane anesthesia
Humans Rats
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slow wave activity:
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El-Baba et al, PLOS One 2019 Aedo-Jury et al, eLife 2019
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Hypothesis: MB is Mediated by Low Arousal Levels

Higher Global Signal Amplitude “Hyperconnectivity”
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Mortaheb, Van Calster, Raimondo, Klados, Boulakis, Georgoulaa, Majerus, Van De Ville*, Demertzi*. PNAS 2022



| was distracted
| forgot what | but was thinking | had nothing in

had in mind about nothing in mind
particular

Report

A physio-cognitive
Memory Attention Languaée dCCOU nt Of the
Cognitive mechanisms phenomenology Of

No report
possible IVI B
Permits No
access formation

\ /

Neural architecture

Arousal

Physiological background Andrillon, Lutz, Windt, Demertzi. Trends Cogn Sci 2025



EEG

Bridging fMRI




Sustained Attention to Response Task (SART)

Mental State Vigilance

TASK

ONTASK| OFFTASK |  [PERSONAL| | ALERT |VERY ALERT

BLANK |NO RECALL ROOM | | SLEEPY |VERY SLEEPY]

| || press || no go I || press || gO || press || probe | Thought Choice IF wc:ider Choice A?:rt Choice
GO / NO GO task 3 Experience-sampling
(~ 1 min) questions
Pattern 1 Pattern 2 Pattern 3 Pattern 4 Pattern 5
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Boulakis, Kusztor, Tsuchiya, Andrillon, Demertzi. In prep



MB-Hyperconnectivity depends on vigilance

No evidence for Hyperconnectivity closer When ALERT, MB reports are
Hyperconnectivity-MB link to Sleepy closer to Hyperconnectivity
c 47001 ) M Sleepy:ON-OFF < —'+0—
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Boulakis, Kusztor, Tsuchiya, Andrillon, Demertzi. In prep



Hyperconnectivity is linked to
Slow-Wave-Like Activity
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Slow-Wave
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Boulakis, Kusztor, Tsuchiya, Andrillon, Demertzi. In prep



Different mechanisms of MB

Thought Content Thought dynamics

N

What is the
answer to this
problem ?
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Boulakis & Demertzi. Curr Opinion Behav Sciences 2025



PART 3

Brain — Body Interactions




Does arousal mediate MIB?

l 110 - 120s | Experience Sampling Task
I ' nProbes=40
Rest Period Probe 'é Rest Probe < Rest Probe Rest Probe <
MW SENS MB SLEEP
arousal monitoring arousal monitoring arousal monitoring
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Day 1 — Baseline measurements % Day 2 — High Arousal Day 3 — Low Arousal 7

Boulakis, Simos, Zoi, Mortaheb, Schmidt, Raimondo, Demertzi. Registered Report Stage2 (results), bioryiv 2024



Altered arousal increases MB reports

Performance on different feature combinations
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MB can be predicted by brain and body features
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Cardiac reactions to oddballs in MCS

Auditory oddball paradigm Cardiac cycle-phase acceleration Electrocardiographic markers carry
Bekinschtein et al., PNAS, 2009 only in MCS independent information from EEG
Post interval
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Features

Raimondo, Rohaut, Demertzi, Valente, Engemann, Salti, Fernandez Slezak, Naccache, Sitt. Annals of Neurology 2017



Cardiac reactions to oddballs in sleep

EEG: Strauss, Sitt, King, Elbaz, Azizi, Buiatti, Naccache, van Wassenhove, Dehaene, S, PNAS 2015
EEG: Blume, Niedernhuber, Spitschan, Slawik, Meyer, Bekinschtein, & Cajochen. Sleep 2022

Cardiac deceleration for global deviants only in REM

LOCAL GLOBAL
ns ns ns ns ns ok
n=50 n=43 n=37 ' — —
25 L 50
é) T —
Bl T
0 1
= =25 L I
- -50
I PRE
-50 | s POST
Wakefulness NREM REM Wakefulness NREM REM

Koroma, Boulakis, Raimondo, Blume, Strauss, Demertzi. In prep



Cardiac responses to omitted sounds presented in
synchrony to heartbeats

Deviant:
Omission/Rare Tone

SoundsLI_I_I_I_I_LLL_I_I_,
Sync ECGT 1T, -_ I L 1.
J_I_LI_I_LI_I_L]_I_.
Asyn T T

Cardiac deceleration for sound omissions and rare tones in synchronous condition only

Koroma, Nguy, Pelentritou, De Lucia, Demertzi. In prep
Pelentritou, Pfeiffer, Schwartz, De Lucia. Comm Biology 2024



Cardiac responses to word-induced relaxation during sleep

Cardiac decelaration after
Cardiac modulation = SR - RS relaxing words
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Koroma, Beck, Schmidt, Rasch, Demertzi, A. J Sleep Res 2024 night night



The embodied perspective

Organism

Top-down
expectations

Perturbations Minimization of
> prediction error
to induce Ascending preigsss
prediction sensory adaption of
errors Input body states

Seth & Friston. Phil Trans R Soc London B 2016



Consciousness is multidimensional

. . 6 Inter-state dynamism
Cross-modal interactions 5 (metastability)
(multi-sensory integration) 8 .
“Rich” inter-regional
7 3 communication
(arousal)

*"d» )
Functional Anticorrelations Q’ 4
Embodied responsiveness

(neural inhibition)
> (active inference)
Bayne, Hohwy, Owen Trends Cogn Sci 2016
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Mediation of subcortical regions in functional reorganization

Thalamo-cortical fc Inter-cerebellar fc Cerebello-cortical fc Superior Saggltal Sinus
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DOC separation based on cross-modal interactions

Training set: 45 DOC (26 MCS, 19 VS/UWS) Test set:
14 trauma, 28 non-trauma, 3 mixed 16 MCS, 6 VS/UWS (15 non-trauma; all chronic)
34 patients assessed >1m post-insult 2 different centers
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Demertzi & Antonopoulos et al, Brain 2015



Cardiac responses to omitted sounds presented in
synchrony to heartbeats

Deviant:
Omission/Rare Tone

SoundsLI_I_I_I_I_LLL_I_I_,
Sync ECGT 1T, -_ I L 1.
J_I_LI_I_LI_I_L]_I_.
Asyn T T

Cardiac deceleration for sound omissions and rare tones in synchronous condition only

Koroma, Nguy, Pelentritou, De Lucia, Demertzi. In prep
Pelentritou, Pfeiffer, Schwartz, De Lucia. Comm Biology 2024



