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Common caveat in evaluating NCC:
Unresponsiveness ≠ Unconsciousness

Owen, Coleman, Boly et al, Science 2006; Boly et al. Neuroimage 2007; 
Monti, Vanhaudenhuse, Boly et al. NEJM 2010; Boly, Current Opinion Neurology 2011

Example: Imagine playing tennis in the ‘vegetative state’
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Common caveat in evaluating NCC:
Unresponsiveness ≠ Unconsciousness

Siclari et al., Frontiers in Psychology 2014

Consciousness is what disappears during dreamless sleep.
However, subjects awoken from sleep report dreaming 2/3 of time!

NREM sleep

CE: conscious experience
NCE: no conscious experience
CEWR: conscious experience without recall

REM sleep

Consciousness ≠ Responsiveness | Assessing Consciousness from First Principles | Conclusions
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NCC: a within-state, no-task paradigm

NCE: awakening with 

report of No Conscious

Experience

CE: awakening with report 

of Conscious Experience

Siclari, Baird, Perogamvros et al., submitted

NREM sleep REM sleep
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NCC: a within-state, no-task paradigm

NCE: awakening with 

report of No Conscious

Experience

CE: awakening with report 

of Conscious Experience

NREM sleep REM sleep

Siclari, Baird, Perogamvros et al., submitted
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NCC: on-line prediction of  consciousness/unconsciousness in 
NREM sleep

Siclari, Baird, Perogamvros et al., submitted
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NCC: on-line prediction of  consciousness/unconsciousness in 
NREM sleep

Siclari, Baird, Perogamvros et al., submitted
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Other DOC: FP network?

but…
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consciousness during 
NREM & REM sleep

Koch, Massimini, Boly & Tononi, Nature Reviews Neuroscience 2016
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conscious patient after 
total bilateral frontal lobectomy
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“Patient A., after complete 
bilateral frontal lobe 
resection, once ‘toured the 
Neurological Institute in a 
party of five, two of whom 
were distinguished 
neurologists,
and none of them noticed 
anything unusual for more 
than an hour’.”
Brickner, JAMA 1952
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task no task

modulation by task

consciousness during 
NREM & REM sleep
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Koch, Massimini, Boly & Tononi, Nature Reviews Neuroscience 2016
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Hard questions
Why not the

cerebellum?
Why not the cortex

during deep sleep?
Why not the cortex

during a seizure?

Why not afferent

pathways?

4x more 
neurons than 

cerebral cortex

Brain “islands” in a

‘vegetative’ subject

Hard calls
Ketamine 

anesthesia

Sleepwalking
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Quantifying consciousness
From First Principles:

Integrated Information Theory
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Tononi, Boly, Massimini & Koch, Nature Reviews Neuroscience 2016

Integrated Information Theory

A principled, systematic approach to a scientific explanation of 
consciousness should start from consciousness itself.

Consciousness ≠ Responsiveness | Assessing Consciousness from First Principles | Conclusions

Fundamental properties of (any) conscious experience:

Information: Experience is specific, being composed of 
a particular set of phenomenal distinctions
(qualia), bound together in various ways, 
which make it what it is and different from
other experiences

Integration: Experience is unitary, meaning that it is
composed of a set of phenomenal 
distinctions, bound together in various ways,
that is irreducible to non-interdependent 
subsets. 

AXIOMS => POSTULATES



1
4

Marshall et al., Frontiers in Psychology in press 

Integration and Differentiation in 
neurophysiological terms

The theory thus predicts that for a system to specify a 
high level of consciousness (high Φ), it should be both 

integrated and differentiated.

One can also formally prove mathematically that differentiation provides a bound 
for Φ (Marshall et al., in press). Thus to have high Φ requires high differentiation.
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Theoretical predictions: TMS-EEG

Massimini et al., Progress in Brain Research 2009
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p
X X
IN OUT

Integration and

Differentiation
No DifferentiationNo Integration

CONSCIOUS:Unconscious: Unconscious:
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16
Massimini et al., Science 2005

I was not
there

I was not
there

From Wakefulness to Sleep

+

+

+

I’m here
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Massimini et al., Science 2005

I was not
there

I was not
there

From Wakefulness to Sleep
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Massimini et al., Cogn. Neurosci., 2010 

I’m here

I was not
there

I was 
there

Dreaming
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I’m here

Anesthesia

I was 
not 

there

I was 
not 

there

I was 
not 

there

Ferrarelli et al PNAS, 2010; Sarasso & Boly et al., Current Biology 2015
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t1 t2
t3

t…
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s

time

binary matrix of significant activation 

TMS

5 – A quantification (PCI)

non-parametric statistics at the source level

5 – A quantification (PCI)A quantification: Perturbational Complexity Index (PCI)

Casali & Gosseries et al., Science Translational Medicine 2013
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non-parametric statistics at the source level

t1 t2
t3

t…
s
o
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rc

e
s

time

binary matrix of significant activation 

TMS

(Lempel-Ziv-Welch Complexity)

5 – A quantification (PCI)5 – A quantification (PCI)A quantification: Perturbational Complexity Index (PCI)

Casali & Gosseries et al., Science Translational Medicine 2013
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non-parametric statistics at the source level

t1 t2
t3

t…

TMS

PCI=0.2

5 – A quantification (PCI)5 – A quantification (PCI)A quantification: Perturbational Complexity Index (PCI)

Casali & Gosseries et al., Science Translational Medicine 2013
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non-parametric statistics at the source level

t1 t2
t3

t…

TMS

PCI=0.21

5 – A quantification (PCI)5 – A quantification (PCI)A quantification: Perturbational Complexity Index (PCI)

Casali & Gosseries et al., Science Translational Medicine 2013
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non-parametric statistics at the source level

t1 t2
t3

t…

TMS

PCI=0.6

5 – A quantification (PCI)5 – A quantification (PCI)A quantification: Perturbational Complexity Index (PCI)
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VALIDATION/CALIBRATION STRATIFICATION

Target: UNABLE TO REPORTBenchmark: ABLE TO REPORT

Casarotto et al., submitted 

Disorders of Consciousness
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94.7% sensitivity
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Explanatory power

Tononi et al., Nat Rev Neurosci 2016
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Conclusions

Neurology & Psychiatry Departments,
University of Wisconsin, Madison

1
0
0

past

future



3
3

33

TMS-EEG in coma and anesthesiaConclusions

1) Consciousness should be distinguished from responsiveness, and 

increasing evidence suggests that it can be.

2) Lesion data and within-state paradigms provide evidence that 

many of the areas contributing to specific contents of experience 

are in a posterior ‘hot zone’ of the cerebral cortex.

3) IIT predicts that the neural substrate of consciousness must be 

both highly integrated and differentiated. This prediction has led to 

the development of a sensitive and specific consciousness-meter, 

the perturbational complexity index (PCI).

4) Explaining, predicting, and extrapolating the presence of 

consciousness requires a principled, systematic and quantitative 

approach starting from the essential properties of experience itself.

Tononi, Boly, Massimini & Koch, Nature Reviews Neuroscience 2016

Consciousness ≠ Responsiveness | Assessing Consciousness from First Principles | Conclusions
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TMS-EEG in coma and anesthesia

Summer School on Consciousness, Abbazia di Novacella in 
Bressanone, Italy, September 17-24, 2016

Faculty:
Giulio Tononi, Christof Koch, Niko Schiff, Hal Blumenfeld, Catherine 
Tallon-Baudry, Lucia Melloni, Antti Revonsuo, Patrik Vuilleumier, 
Marcello Massimini, Melanie Boly, Larissa Albantakis

www.nsas.it/consciousness


