Global Workspace Theory
“GWT II: Crucial Predictions”

Examining the Cutting Edge Evidence for “Dynamic, Widespread
Integration & Broadcasting” of Conscious Signals



GWT II: Many Links To
Cutting Edge Brain Evidence

An ongoing flow of evidence seems to support our understanding of
consciousness by way of Global Workspace Theory (GWT).



GWT II: “Widespread Integration & Broadcasting”

What is
Global Workspace Theory (GWT)?



GWT |l: Cutting Edge Brain Evidence

A Short History of GWT

Global Workspace Theory (or GWT) is a theory of human cognition, the
cortex, and consciousness, and has become a prominent approach in
scientific studies of consciousness (Mashour et al., 2020).

GWT was first formulated by Bernard Baars in the 1980s as a
psychological theory of conscious cognition.
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“Global workspace architecture” was first
developed by cognitive modeling groups in the
1950s led by Allen Newell and Herbert A. Simon.

The term “g
referstoaf
problem-so

obal workspace” comes from Artificial Intelligence, where it
eeting memory domain that allows for cooperative
ving by large collections of specialized programs.



“Global workspace architecture” was first
developed by cognitive modeling groups in the
1950s led by Allen Newell and Herbert A. Simon.

Brain implications of the theory have been extensively explored over a
forty year period.



Terms & Definitions

Global Workspace Theory (GWT)

Global Workspace Theory (GWT) began with this question:

How does a serial, integrated and very limited stream of consciousness
emerge from a nervous system that is mostly unconscious, distributed,

parallel and of enormous capacity?



Terms & Definitions

GW theory has three basic constructs:

A global workspace, a set of specialized unconscious processors, and a set of
unconscious frames that serve to shape, evoke, and define conscious
contents.

The theory associates conscious experience with a rather simple
architecture of the psychological system.



Terms & Definitions

Frames

Your conscious experience is guided by a number of unconscious choices
which are called frames in Global Workspace Theory (GWT). So, right now in
this moment your unconscious choice is where to fixate your eyes next.

Fixations are extremely important in reading, and usually we fixate, or point
our eyes on the most informative region on the page.



Terms & Definitions

Frames

A new reader will tend to focus on the next letter, syllable, and/or word. A
skilled reader will tend to focus on the next phrase. If you carefully watch
someone reading a book, you can see that their eyes are jumping from
fixation point to fixation point.

Their eyes do not usually travel smoothly, although to the reader it often
appears that their eyes are travelling smoothly. It is very helpful to watch a
reader from the outside to see how ‘jumpy’ the eye movements are. That is
because we take in fairly large chunks of information at the same time.



Terms & Definitions

Frames

This is a very fast process, but if you think carefully you might be able to
imagine the choices you make in the process of moving your eyes in reading.
Unconscious frames exist in reading, but they also exist in making plans for

one’s life, or anywhere in between.

The idea of unconscious framing is fundamental in GWT.



Based on today's far more detailed
understanding of the brain, GWT has
adapted to new waves of evidence.

The brain-based version of GWT is called Global Workspace Dynamics
(GWD), and joins other theories in viewing consciousness as the product

of highly integrated and widespread cortico-thalamic (C-T) activity,
following a long trail of evidence.
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GWT: Origins & Evidence

What are some of the main
features and predictions of GWT?
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A main feature of GWT is Limited Capacity.

What is it about this ability to be consciously aware of a limited fraction of
what's happening in our mind, or what's happening in our sensory
environment, that's so advantageous that it makes it worth missing what
we're not consciously aware of?
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GW hypothesis: There has to be a
compensatory advantage in the brain
to make up for Limited Capacity.

he most likely advantage is that there's very wide recruitment of
brain resources as a result of becoming conscious of something.

16
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GWT is focused on the entire cerebral
cortex, and does not partition cortex into
static prefrontal and posterior parts.

The C-T system acts as "a unified oscillatory machine."

Static, gross anatomical divisions are superseded by the dynamical
connectome of cortex.

18
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A Global Workspace, in terms of the
brain, is not a physical location in the
brain where this workspace lives...

...but rather a dynamic and shifting ‘coming together of information’
potentially in different neural networks, or different neural assemblies.
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GWT therefore joins other theories

in viewing consciousness as the product of highly integrated and
widespread cortico-thalamic (C-T) activity, following a long trail of
evidence (Dehaene et al., 1998).
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GWT accounts for an extensive
body of evidence,

consistent with Edelman's Neural Darwinism, Freeman and Kozma'’s
Neurodynamics, Dehaene and Changeux's Global Neuronal
Workspace Theory, Mashour et al, and the functional connectomics of
Deco, Vidaurre and Kringelbach.
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The Neuroscience of Widespread
Integration & Broadcasting

One of the key predictions of GWT is “widespread integration and
broadcasting.” This seems to be one of the predictions that can be most
directly tested by brain activity, our topic for this seminar.
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GWT & Neuroscientific Evidence

The first paper is the result of four
decades of cumulative work, which

pulls together the evidence as of
2013.

The paper, by Bernard Baars, Stan
Franklin and Thomas Ramsoy, is
titled “Global Workspace dynamics:
cortical “binding and propagation”
enables conscious contents.”
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INTRODUCTION

A global workspace (GW) is a functional hub of binding and propagation in a population
of loosely coupled signaling elements. In computational applications, GW architectures
recruit many distributed, specialized agents to cooperate in resolving focal ambiguities. In
the brain, conscious experiences may reflect a GW function. For animals, the natural world
is full of unpredictable dangers and opportunities, suggesting a general adaptive pressure
for brains to resolve focal ambiguities quickly and accurately. GW theory aims to under
stand the differences between conscious and unconscious brain events. In humans and
related species the cortico-thalamic (C-T) core is believed to underlie conscious aspects
of perception, thinking, learning, feelings of knowing (FOK), felt emotions, visual imagery,
working memory, and executive control. Alternative theoretical perspectives are also dis-
cussed. The C-T core has many anatomical hubs, but conscious percepts are unitary and
internally consistent at any given moment. Over time, conscious contents constitute a
very large, open set. This suggests that a brain-based GW capacity cannot be localized in a
single anatomical hub. Rather, it should be sought in a functional hub — a dynamic capacity
for binding and propagation of neural signals over multiple task-related networks, a kind of
neuronal cloud computing. In this view, conscious contents can arise in any region of the
C-T core when multiple input streams settle on a winnertake-all equilibrium. The resulting
conscious gestalt may ignite an any-to-many broadcast, lasting ~100-200ms, and trig-
ger widespread adaptation in previously established networks. To account for the great
range of conscious contents over time, the theory suggests an open repertoire of binding’
coalitions that can broadcast via theta/gamma or alpha/gamma phase coupling, like radio
channels competing for a narrow frequency band. Conscious moments are thought to
hold only 14 unrelated items; this small focal capacity may be the biological price to pay
for global access. Visuotopic maps in cortex specialize in features like color, retinal size,
motion, object identity, and egocentric/allocentric framing, so that a binding coalition for
the sight of a rolling billiard ball in nearby space may resonate among activity maps of LGN,
V1-V4, MT, IT, as well as the dorsal stream. Spatiotopic activity maps can bind into coherent
gestalts using adaptive resonance (reentry). Single neurons can join a dominant coalition by
phase tuning to regional oscillations in the 4-12 Hz range. Sensory percepts may bind and
broadcast from posterior cortex, while non-sensory FOKs may involve prefrontal and fron-
totemporal areas. The anatomy and physiology of the hippocampal complex suggest a GW
architecture as well. In the intact brain the hippocampal complex may support conscious
event organization as well as episodic memory storage.

Keywords: i i Y I, global
biology, brain dynamics
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cortex and thalamus (Baars, 1988, 2002; Dehaene and Naccache,

This paper extends the Global Workspace (GW) theory of con-
scious experience to brain evidence, particularly the role of the

'The term “binding” was originally applied to the integration of many neural
sources of sensory features like color, visual field location, size, etc., and at higher
levels object and face identity, semantic category, and the like. As evidence for
higher level binding has built up, it is now also applied to the integrationof

2001; Baars and Franklin, 2003, 2007; Dehaene et al., 2006; Shana-
han, 2010, 2012; Dehaene and Changeux, 2011; etc.). While cortex

brief events, perceived causality, and self-object integration. All conscious con-
tents are internally consistent, as pointed out here, and combine numerous
receptor inputs into single, coherent, and voluntarily reportable objects or
events.

www.frontiersin.org

May 2013 | Volume 4 | Article 200 | 1

24



Baars et al. (2013

GWT does not require a single
“anatomical hub” for consciousness
but rather a dynamically changing
hub depending upon visual vs.
auditory consciousness, or
consciousness of abstractions.
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A core prediction of GWT is widespread
“Integration and broadcasting.”

While the cortex and thalamus look separate to the naked eye,
they act as a “unified oscillatory machine” (Steriade, 1999).
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Global Workspace Dynamics (Baars et al., 2013)

What does “widespread
integration and broadcasting”
mean, in terms of the brain?
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Terms & Definitions

Stream of Consciousness (So(C)

The apparently spontaneous “flights” and “perches” of conscious ideas, in the words
of William James.

The SoC is explained in Global Workspace theory as an ongoing interplay between
conscious contents and unconscious frames, especially goal frames in the process
of solving spontaneously posed questions.
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By 4edges - Own work, CC BY-SA 4.0

An lllustration of The Allegory of the Cave, from Plato’s Republic.jpg
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A Universe of
Consciousness

Nobelist Gerald M. Edelman
Giulio Tononi, PhD

GIULIO TONONI

A UNIVERSE OF
CONSCIOUSNESS
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There are hundreds of specialized areas of cortex, and
this figure shows five regions of the cortex that are
involved in these diverse functions.

The prefrontal cortex is involved in executive control, the motor cortex
and somatosensory cortex is involved in body sense and body control,
and the occipital cortex is involved in vision.
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There are hundreds of specialized areas of cortex, and
this figure shows five regions of the cortex that are
involved in these diverse functions.

These regions have projections to the thalamus and the thalamus has
projections back out to these cortical regions. So that's where we get this
term cortico-thalamic-cortical loops because it truly is this bi-directional
loop of information.
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A core prediction of GWT is widespread “integration
and broadcasting of conscious events”.

While the cortex and thalamus look separate to the naked eye, they act
as an integrated system, a “unified oscillatory machine” (Steriade, 1999).
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Terms & Definitions

Cortico-Thalamic (C-T) System

Or the thalamo-cortical system: Thalamocortical radiations are the nerve
fibers between the thalamus and the cerebral cortex.

Functionally, thalamocortical radiations, also called thalamocortical
fibers, relay sensory or motor information from the thalamus to distinct

areas of the cerebral cortex through neurons.
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On Consciousness:
Science & Subjectivity

BernardBaars.com
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Global Workspace Dynamics (Baars et al., 2013)

Why cortico-thalamic loops?
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Global Workspace Dynamics (Baars et al., 2013)

What about the structure, function and
connectivity of the C-T circuit make it
relevant to GWT?
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The Cortex and The Thalamus

What are some of the functions of these brain structures
and how are they related to consciousness?
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Global Workspace Dynamics (Baars et al., 2013)

How we can experimentally
test conscious processes?
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This is a question about introspection.

Introspection means looking at yourself, looking at
your consciousness, internally.
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Engage in as much introspection as
possible, in one’s lush inner world
that we are all entitled to visit.

Introspection is the examination of one's own co
and feelings. In psychology, the process of intros
the observation of one's mental state, while in a s
may refer to the examination of one's soul.

nscious thoughts
nection relies on

oiritual context it
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Global Workspace Dynamics (Baars et al., 2013)

How is Consciousnhess Assessed?
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Terms & Definitions

Contrastive Analysis

The empirical evidence for GW theory is summarized in several sets of
paired contrasts between similar conscious and unconscious events.

~or example, novel tasks tend to be much more conscious in the
peginning than they are after practice, even though their physical and
osychological role may be quite similar. These contrasts are analogous
to experiments in which consciousness is the independent variable.
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Terms & Definitions

Feelings of Knowing (FOKSs)

Feelings of Knowing are one fundamental type of conscious experience and an
integral part of the conscious stream.

FOKks are a sense of conviction that one possesses certain information despite
being unable to retrieve it from memory at a given time. FOKs meet the
empirical definition of conscious events in that they are accurately reportable.
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Studying sensory consciousness gives us a
broader way of knowing the world.

Sensory consciousness is profoundly embedded in biology, anatomy,
physiology, and above all, in adaptive brain functions that serve us in every

second of waking life.

This is not some philosophical speculation. It is now supported by numerous
empirical findings published in peer-reviewed journals that are easily found in

web archives.
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Evidence for GWT

Conscious Access, Gamma Activity,
and Functional Rich Clubs



Gaillard et al., 2009

The title is “Converging Intracranial
Markers of Conscious Access.” This
paper is an outstanding example o
reading work, and likely represents
the most precise and accurate
evidence so far for cortical integration
and broadcasting.

Experiments compared conscious and
unconscious processing of briefly
flashed words.

OPEN 8 ACCESS Freely available online PLOS BIOLOGY

Converging Intracranial Markers
of Conscious Access

Raphaél Gaillard"z'B, Stanislas Dehaene'*>, Claude Adams, Stéphane Clémen(oauc, Dominique Hasboun‘J,
Michel Baulac®7, Laurent Cohen'®7, Lionel Naccache'%”"

1 INSERM, Cognitive Neuro-imaging Unit, Institut Fédératif de Recherche (IFR) 49, GIf sur Yvette, France, 2 Centre Hospitaller Sainte Anne, Service Hospitalo-Universitaire de
Santé Mentale et de Thérapeutique, Parls, France, 3 Université Paris Descartes, Paris, France, 4 CEA, 12BM, NeuroSpin center, Gif sur Yvette, France, 5 Collége de France, Paris,
France, 6 Assistance Publique Hopitaux de Paris, Hopital de |a Pitie-Salpétriére, Pole des Maladies du Systeme Nerveux, Paris, France, 7 Université Plerre et Marle Curle Paris 6,
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We compared conscious and nonconscious processing of briefly flashed words using a visual masking procedure while
recording intracranial electroencephalogram (iEEG) in ten patients. Nonconscious processing of masked words was
observed in multiple cortical areas, mostly within an early time window (<300 ms), accompanied by induced gamma-
band activity, but without coherent long-distance neural activity, suggesting a quickly dissipating feedforward wave.
In contrast, conscious processing of unmasked words was characterized by the convergence of four distinct
neurophysiological markers: sustained voltage changes, particularly in prefrontal cortex, large increases in spectral
power in the gamma band, increases in long-distance phase synchrony in the beta range, and increases in long-range
Granger causality. We argue that all of those measures provide distinct windows into the same distributed state of
conscious processing. These results have a direct impact on current theoretical discussions concerning the neural

correlates of conscious access.

Ciation: Galllard R, Dehaene S, Adam C, Clémenceau S, Hasboun D, et al. {2009) Converging Intracranial markers of consclous access. PLoS Blol 7(3): €1000061. dok10.1371/

Joumal.pbio. 1000061

Introduction

The neural correlates of consciousness (NCC) still remain
highly controversial. Indeed, the precise timing, location, and
dynamics of neural events causing conscious access are not
clearly and unequivocally determined. Do the NCC corre-
spond to late [1,2] or early brain events [3-10]7 Are they
systematically associated with reentrant “top down™ process-
ing [5,9,11-15]
coherent activity [16-21], including prefrontal cortex as an

? If so, do they necessarily involve long-range

essential node [22-25], or can they be restricted to local
patterns of reverberating activity [3-6,8,11,13,15,26-29]7 Is the
concept of “integrated information” relevant, rather than the
specific localization of the underlying cerebral network [21]?

In addition to such fundamental questions, an important
methodological issue also remains open. Neural data relevant
to conscious access originate from a diversity of techniques
including hemodynamic blood oxygen level dependent
(BOLD) functional magnetic resonance imaging (IMRI) or
positron emission tomography (PET) responses and electro-
physiological measures using scalp and intracranial event-
related potentials (iERPs), event-related spectral perturba-
tions (ERSPs), and phase synchrony parameters. How are
these distinct measures of conscious access related to each
other? Do they reflect common facets of the same underlying
phenomenon?

In this work, we address some of these issues using
intracerebral electrophysiological recordings of neural activ-
ity in a group of implanted epileptic patients presented with
visually masked and unmasked printed words. This method
offers a unique opportunity to measure neural correlates of
conscious access with both millisecond time resolution and
centimetric spatial resolution. Its high signal-to-noise ratio
allowed us to compute several neurophysiological measures

PLoS Biology | www.plosbiology.org

0472

from the intracerebral signal in order to unravel the relations
prevailing between iERPs, ERSPs, interelectrode phase syn-
chrony, and a recently proposed estimate of causality
(Granger causality).

The Global Workspace Model of Consciousness

We adopted a theory-driven approach, trying to test
experimentally a set of explicit predictions derived from
the global workspace model of conscious access. This model,
in part inspired from Bernard Baars’ theory [30], proposes
that at any given time, many modular cerebral networks are
active in parallel and process information in an unconscious
manner [22,23 31 32]. Incoming visual information becomes
conscious, however, if and only il the three following
conditions are met [23): Condition 1: information must be
explicitly represented by the neuronal firing of perceptual
networks located in visual cortical areas coding for the
specific features of the conscious percept. Condition 2: this
neuronal representation must reach a minimal threshold of
duration and intensity necessary for access to a second stage
of processing, associated with a distributed cortical network
involved in particular parietal and prefrontal cortices.

Academic Editor: Leslie Ungerleider, National Institutes of Health, United States of
America
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Professor Raphaél Gaillard

Raphaél Gaillard is Professor of
Psychiatry at the Paris Descartes
University and Sainte Anne Hospital,
where he is the head of one of the top
academic departments of psychiatry
in France, a department in which
about 12,000 patients are treated
each year.
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Professor Stanislas Dehaene

Dehaene-Changeux Model (DCM):
Global Neuronal Workspace is Part of

GWT

Stanislas Dehaene and Jean-Pierre
Changeux in Paris have developed
experimentally testable models and
made further testable claims about
the brain basis of visual
consciousness.
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The best empirical confirmation
of the major GW hypothesis

Namely that SENSORY consciousness involves a multi-source convergence in

visual cortex (for visual stimuli), which is then "broadcast" or ignites from high
levels of the classical visual cortex, around areas IT (inferotemporal) and MTL
(medial temporal lobe, also called the hippocampus).
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Conscious Access (Gaillard et al., 2009)

What is an intracranial EEG?

Intracranial recording, also called electrocorticography (ECoG) has been used
for decades in patients with epilepsy to localize the seizure onset zone, prior to
brain tissue resection.
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Intracranial (iEEG) recording
techniques: ECoG and SEEG.

Intracranial recording, also called electrocorticography (ECoG) has been used
for decades in patients with epilepsy to localize the seizure onset zone, prior to
brain tissue resection.
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Terms & Definitions

Intracranial electroencephalography (IEEG)

Including electrocorticography (ECoG) or stereo-electroencephalography
(SEEG) is the neuroelectrophysiologic signal obtained from implanted subdural

or deep electrodes.

Intracranial recordings have high spatial and temporal resolution.
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These results have a direct impact on
current theoretical discussions concerning
the neural correlates of conscious access.

Gaillard et al. recorded neural activity directly from the brains of human
subjects (who were undergoing neural surgery for medical reasons) to probe
the neural basis of consciousness.
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Figure 1. Electrode Locations and
Experimental Design

(A) Sagittal (left), coronal (middle), and axial
(right) normalized glass brain showing all 176
electrodes after normalization in Talairach's
anatomical space.

(B) Experimental paradigm used to present
masked and unmasked words, with d’ measures
in the forced-choice semantic task.

Gaillard et al. (2009)
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Terms & Definitions

Masking Paradigm

The concept of backward masking originated in psychoacoustics, referring to

temporal masking of quiet sounds that occur moments before a louder sound.

In cognitive psychology, visual backward masking involves presenting one
visual stimulus (a "mask" or "masking stimulus") immediately after a brief
(usually 30 ms) "target" visual stimulus resulting in a failure to consciously
perceive the first stimulus.
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Conscious Access (Gaillard et al., 2009)

How does the observed effect of longer
lasting and more widespread brain activity
during conscious perception of a word offer

support for GWT?
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What is the neuroscientific
evidence for GWT?

Jean-Pierre Changeux and Stanislas Dehaene’s Global Neuronal
Workspace evidence shows how conscious and unconscious ignitions and
broadcasting works in the brain.
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Conscious Access (Gaillard et al., 2009)

This evidence confirms that conscious
perceptual activity of a visual stimulus is
propagated widely throughout the cortex.

These findings likely represent the most precise and accurate evidence so far
for cortical integration and broadcasting.
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Evidence for GWT

Gamma Activity, Conscious Access
and Functional Rich Clubs



Switch & Wave of Neuronal Activity (Herman et al., 2019)

Brain Oscillations:
Gamma and Beta Bands



Herman et al., 2019

The third target paper is from a famous
Yale epilepsy research group, led by Hal
Blumenfeld, its first author is Wendy X.
Herman.

Reinforcing our message, it is titled, “A
Switch and Wave of Neuronal Activity in
the Cerebral Cortex During the First
Second of Conscious Perception” (2019).

Cerebral Cortex, February 2019;29: 461-474
doi: 10.1093/cercor/bhx327

Advance Access Publication Date: 29 November 2017

OXFORD Original Article

ORIGINAL ARTICLE

A Switch and Wave of Neuronal Activity in the
Cerebral Cortex During the First Second of Conscious
Perception

Wendy X. Herman?, Rachel E. Smith?, Sharif I. Kronemer?, Rebecca E. Watsky?,
William C. Chen?, Leah M. Gober?, George J. Touloumes?, Meenakshi Khosla?,
Anusha Rajal, Corey L. Horien?, Elliot C. Morse?, Katherine L. Bottal,

Lawrence J. Hirschl, Rafeed Alkawadril,

Jason L. Gerrard?, Dennis D. Spencer? and Hal Blumenfeld.2.3

e/rsdyy

'Department of Neurology, Yale University School of Medicine, 333 Cedar Street, New Haven, CT 06520, USA,
’Department of Neurosurgery, Yale University School of Medicine, 333 Cedar Street, New Haven, CT 06520,
USA and 3Department of Neuroscience, Yale University School of Medicine, 333 Cedar Street, New Haven, CT
06520, USA

Address correspondence to Hal Blumenfeld, Yale Departments of Neurology, Neuroscience, Neurosurgery, 333 Cedar Street, New Haven, CT 06520-8018,
USA. Email: hal blumenfeld@yale.edu

108.

Abstract

Conscious perception occurs within less than 1s. To study events on this time scale we used direct electrical recordings
from the human cerebral cortex during a conscious visual perception task. Faces were presented at individually titrated
visual threshold for 9 subjects while measuring broadband 40-115 Hz gamma power in a total of 1621 intracranial electrodes
widely distributed in both hemispheres. Surface maps and k-means clustering analysis showed initial activation of visual
cortex for both perceived and non-perceived stimuli, However, only stimuli reported as perceived then elicited a forward-
sweeping wave of activity throughout the cerebral cortex accompanied by large-scale network switching. Specifically, a
monophasic wave of broadband gamma activation moves through bilateral association cortex at a rate of approximately
150 mm/s and eventually reenters visual cortex for perceived but not for non-perceived stimuli. Meanwhile, the default
mode network and the initial visual cortex and higher association cortex networks are switched off for the duration of
conscious stimulus processing. Based on these findings, we propose a new “switch-and-wave” model for the processing of
consciously perceived stimuli. These findings are important for understanding normal conscious perception and may also
shed light on its vulnerability to disruption by brain disorders.

q 201 L9%/19%/2/6Z,

Key words: attention, consciousness, electrocorticography, gamma activity, visual awareness

Introduction different spatiotemporal scales has demonstrated diverse
What are the fundamental changes in brain activity that accom- brain changes observed specifically for consciously perceived in
pany conscious experience? Recent work using measurements at contrast to non-perceived stimuli. For example, event-related

© The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
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Hal Blumenfeld, Yale University

“It is a switch and wave
network that allows the
brain to concentrate on
the stimuli undistracted.”

Hal Blumenfeld, Professor of
Neurology, Neuroscience, and
Neurosurgery at Yale University
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Herman et al, 2019

Experiments look at conscious
perception in humans by using
direct electrical recordings from the
cerebral cortex during a visual
perception task.

Herman et al. discovered that
stimuli that were consciously
perceived elicited large-scale
network switching, followed by
waves of gamma activity.

01234567829
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Stimuli that were consciously perceived
elicited large-scale network switching,
followed by waves of gamma activity.

These findings support the hypothesis that such large waves are an
indication of coordinated local-global activity.
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Switch & Wave of Neuronal Activity (Herman et al., 2019)

“Wave" refers to gamma wave
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Switch & Wave of Neuronal Activity (Herman et al., 2019)

What is a gamma wave?
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Terms & Definitions

Gamma Wave

The default mode network (DMN) is a network of interacting brain regions that
IS active when a person is not focused on a task, and the brain is at wakeful
rest, such as during daydreaming and spontaneous thought, and is
measurable with fMRI.

The DMN is also active when we are thinking about other people, about
ourselves, and about our past and future.

82



A Switch & Wave of Neuronal Activity (Herman et al., 2019)

What might be the special
significance of the gamma and
beta bands to consciousness?
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Switch & Wave of Neuronal Activity (Herman et al., 2019)

“Switch” refers to reduction of
default mode network activity

84



Terms & Definitions

Default Mode Network (DMN)

The default mode network (DMN) is a network of interacting brain regions
that is active when a person is not focused on a task, and the brain is at
wakeful rest, such as during daydreaming and spontaneous thought, and
IS measurable with fMRI.

The DMN is also active when we are thinking about other people, about
ourselves, and about our past and future.
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Not Perceived

Perceived

Herman et al. (2019)

86

Gamma power z-score



(b)

Gamma power z-score

Perceived

Cluster p me

1 <0.001 0.3
| —2 <0.001 0.4
——3 <0.001 0.4
<0.001 04

S

—— - -
AES RRNAARAE RO
B SRR AREE SaEaaaas P
-

>

0

Time (ms)

Gamma power z-score

L &

o N A OO O

Not Perceived

Cluster

pY

mean s

Time (ms)

500

Herman et al. (2019)
87



Evidence for GWT

Functional Rich Clubs, Gamma
Activity and Conscious Access



Functional Rich Clubs (Deco et al., 2021)

A sophisticated answer to the
guestions raised by the other two
papers, because now we're talking
about the connectome — the real
wiring of the cortex.
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Deco et al., 2021

An important recent paper by Deco
et al. (2021) links this research to
the major discovery of the cortical
connectome, the street map of the
cortex.

It is called “Revisiting the global
workspace orchestrating the
hierarchical organization of the
human brain.”

naturce )
human behaviour

ARTICLES

https://doi.org/10.1038/541562-020-01003-6

M) Check for updates
NADPEN
Ur Lr IN

Revisiting the global workspace orchestrating the
hierarchical organization of the human brain

Gustavo Deco®'234=, Dijego Vidaurre ©>¢ and Morten L. Kringelbach 5785

A central challenge in neuroscience is how the brain organizes the information necessary to orchestrate behaviour. Arguably,
this whole-brain orchestration is carried out by a core subset of integrative brain regions, a ‘global workspace', but its constitu-
tive regions remain unclear. We quantified the global workspace as the common regions across seven tasks as well as rest, ina
common ‘functional rich club’. To identify this functional rich club, we determined the information flow between brain regions
by means of a normalized directed transfer entropy framework applied to multimodal neurocimaging data from 1,003 healthy
participants and validated in participants with retest data. This revealed a set of regions orchestrating information from per-
ceptual, long-term memory, evaluative and attentional systems. We confirmed the causal significance and robustness of our
results by systematically lesioning a generative whole-brain model. Overall, this framework describes a complex choreography

of the functional hierarchical organization of the human brain.

ver recent decades, research within systems neurosci-

ence has suggested that the brain is hierarchically orga-

nized in terms of anatomical structure'~” and function®".
Nevertheless, a key remaining challenge is to determine precisely
how this hierarchical organization allows the brain to orchestrate
function and behaviour by organizing the flow of information and
the underlying computations necessary for survival.

A large body of research has argued that whole-brain orchestra-
tion is likely to be carried out by a core subset of integrative brain
regions. For example, according to the classic model of Norman
and Shallice™, this processing involves the prefrontal cortices in
charge of the supervisory attentional regulation of lower-level
sensorimotor chains. In contrast, Baars proposed the concept of a
‘global workspace’ (GW), where information is integrated in a small
group of brain regions before being broadcast to many other regions
across the whole brain'’. Extending this framework, Dehaene and
Changeux" proposed their ‘global neuronal workspace’ hypothesis
that associative perceptual, motor, attention, memory and value
areas interconnect to form a higher-level unified space where infor-
mation is broadly shared and broadcast back to lower-level proces-
sors. Colloquially, the GW is thus akin to a small core assembly of
people in charge of an organization. Larger brain network orga-
nization has been shown to be efficient, robust and largely fault
tolerant*'*", yet the effects of lesioning a core assembly—like the
GW=—are currently unknown.

Until recently, a key obstacle to advancing our understand-
ing of the human brain’s functional hierarchical organization has
been the lack of suitable whole-brain measurements. However,
the advent of Big Data, such as the Human Connectome Project
(HCP)'®", has created large multimodal whole-brain neuroim-
aging datasets of healthy individuals both in resting state and
whilst performing many different tasks. The development of more
advanced neuroimaging methods could allow for the estimation of

the bi-directional flow of information between all regions across
the whole brain, which could subsequently be used to characterize
the functional hierarchical organization of the brain. Many meth-
ods exist to estimate the information flow using different neuro-
imaging modalities, which have greatly contributed to our current
knowledge (for example, refs. ****). Here, we use this method to
address the key challenge of identifying the functional hierarchical
organization of the brain.

The main aim of our study is to characterize the GW as the
core set of brain regions responsible for integration and orchestra-
tion. To do this, we have to determine the functional hierarchical
whole-brain organization. For this purpose, we propose the concept
of a ‘functional rich club’ (FRIC) as the core set of regions, an array
of functional hubs that are characterized by a tendency to be more
densely functionally connected among themselves than to other
brain regions from where they reccive integrative information. This
notion is related to previous static descriptions of the anatomical
rich club®’, which includes nodes in a network with a tendency for
high-degree nodes to be more densely connected among them-
selves than nodes of a lower degree. However, unlike the anatomical
rich club, FRIC is a dynamic measure based on bidirectional flow
of information not constrained by anatomy and thus will change
across different tasks. Using our colloquial example of a core assem-
bly, for different tasks some people remain through all executive
meetings while others are substituted in and out on the basis of their
expertise. In a similar manner, FRIC would include both common
and task-specific brain regions as a result of the different flows of
information for different kinds of task. Following the original ideas
of Baars', we propose that the invariant ‘GW" is the intersection of
the different sets of task-related FRICs.

To achieve our goal of identifying the GW as the intersection
of FRICs from data of different tasks and in resting condition, we
develop a normalized directed transfer entropy (NDTE) framework.

'Center for Brain and Cognition, Computational Neuroscience Group, Department of Information and Communication Technologies, Universitat Pompeu
Fabra, Barcelona, Spain. “Institucié Catalana de la Recerca i Estudis Avancats (ICREA), Barcelona, Spain. *Department of Neuropsychology, Max Planck
Institute for Human Cognitive and Brain Sciences, Leipzig, Germany. “School of Psychological Sciences, Monash University, Clayton, Victoria, Australia.
*Department of Psychiatry, University of Oxford, Oxford, UK. *Center for Functionally Integrative Neuroscience, Department of Clinical Medicine, Aarhus
University, Aarhus, Denmark. ‘Centre for Eudaimonia and Human Flourishing, University of Oxford, Oxford, UK. *Center for Music in the Brain, Department
of Clinical Medicine, Aarhus University, Aarhus, Denmark. ¥e-mail: gustavo.deco@upf.edu; morten.kringelbach@psych.ox.ac.uk
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Functional Rich Clubs

Co-authors Deco, Vidaurre, and
Kringelbach examined neuroimages
from over 1000 participants and
created a full brain hierarchy in what
they defined as ‘functional rich clubs.’

The researchers show how these
‘clubs’ correlate activity between brain
regions and strengthen the idea that a
global workspace is dynamic, but not
necessarily in a grossly visible way.
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This paper by Deco et al. (2021) starts to
bridge the gap between anatomical
specificity and coordinated activity,

looking at the real anatomical and functional connections.
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Gustavo Deco, Pompeu Fabra University

“For the first time, we
revealed the existence of a
functional rich club’ of brain
regions creating this ‘global
workspace’ of conductors.”

Gustavo Deco, Professor & Director of
the Center of Brain and Cognition,
Pompeu Fabra University
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Functional Rich Clubs “FRICs” (Deco et al., 2021)

What does the idea of an
“invariant global workspace” (as
proposed by Deco et al.) mean?
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Functional Rich Clubs “FRICs” (Deco et al., 2021)

|s there tension between this
and the idea that GWT is
distributed and dynamic?



Deco et al. (2021) identified a set of FRICs that
are consistent across rest and 7 tasks they
refer to as the “invariant global workspace.”

Regions: precuneus, posterior and isthmus cingulate cortices, nucleus
accumbens, putamen, hippocampus, and amygdala
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Functional Rich Clubs “FRICs” (Deco et al., 2021)

What is a FRIC
(functionally rich club)?
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Functional rich club (FRIC)
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Terms & Definitions

Functional Rich Club (FRIC)

Functional rich ‘clubs’ correlate activity between brain regions and
strengthen the idea that Global Workspace is dynamic, but not
necessarily in a grossly visible way.
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Cortical “binding and propagation”
enables conscious contents

A key point connecting GWT to neuroscientific evidence is that GWT does
not require (or suggest) an “anatomical hub” of coordinated activity, but,
instead, a momentary, dynamic “functional hub.”
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Functional Rich Clubs (Deco et al., 2021)

What do brain scientists mean when
they say “coordinated activity”?
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Functional Rich Clubs (Deco et al., 2021)

Why is coordinated activity relevant
to GWT and what might it tell us
about consciousness?
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Functional Rich Clubs (Deco et al., 2021)

What is the difference between an
anatomical and functional hub?
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Functional Rich Clubs (Deco et al., 2021)

What does it mean to say that a
functional hub is dynamic?
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