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Abstract 

This paper investigates the compatibility between the theoretical framework of the global neuronal workspace theory (GNWT) of con-
scious processing and the perturbational complexity index (PCI). Even if it has been introduced within the framework of a concurrent 
theory (i.e. Integrated Information Theory), PCI appears, in principle, compatible with the main tenet of GNWT, which is a conscious 
process that depends on a long-range connection between different cortical regions, more specifically on the amplification, global prop-
agation, and integration of brain signals. Notwithstanding this basic compatibility, a number of limited compatibilities and apparent 
differences emerge. This paper starts from the description of brain complexity, a notion that is crucial for PCI, to then summary of 
the main features of PCI and the main tenets of GNWT. Against this background, the text explores the compatibility between PCI and 
GNWT. It concludes that GNWT and PCI are fundamentally compatible, even though there are some partial disagreements and some 
points to further examine.
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Introduction
Brain complexity: definition and clinical 
relevance
Brain “complexity” has increasingly gained traction in conscious-
ness research as a notion considered useful for advancing in the 
explanation and the clinical detection of conscious activity. Its 
original formalization in explicit relation to consciousness dates 
back to 1998, when Giulio Tononi and Gerald Edelman published 
the paper “Consciousness and Complexity” (Tononi and Edelman 
1998).

To properly evaluate the explanatory value of complexity for 
consciousness, it is crucial to first clarify the meaning of both 
terms. In fact, complexity is so general to seem meaning differ-
ent things in different contexts and in different disciplines (Adami 
2002). One is simply that we qualify complex “an organization or 
a system that we don’t understand and master” (Thom 1990). For 
this reason, the concept of complexity is applicable to life, in gen-
eral, rather than to consciousness only. Similarly, consciousness 
may assume different specific meanings. For instance, in the clin-
ical context, there is a distinction between the level (or state) of 
consciousness (i.e. wakefulness/sleep) and its content (e.g. images 

or words) (Laureys 2005). For the sake of our analysis, we assume 
levels and contents as two distinct but not completely dissociable 
dimensions (Bachmann and Hudetz 2014; Mashour, et al. 2020).

Another popular distinction, even though not unanimously 
accepted (Naccache 2018), has been introduced by Ned Block, who 
differentiated phenomenal consciousness (i.e. subjective experi-
ence or “what it is like to be”) from access consciousness (i.e. avail-
ability of information for use in reasoning and rationally guiding 
speech and action) (Block 1995). Given the multiple meanings that 
both terms can assume, it is important to disambiguate them. 
Namely, the term consciousness should not be used without speci-
fying it, for instance, if referred to conscious processing of specific 
contents, to conscious access, or to the state of consciousness. 
We will see in the following that some apparent disagreements 
between different theories arise from the fact that they refer 
to different meanings of consciousness (e.g. content rather than 
state).

In the paper referred earlier, Tononi and Edelman try “to char-
acterize the kinds of neural processes that might account for key 
properties of conscious experience” (Tononi and Edelman 1998). 
Thus, they conceive consciousness as subjective experience. The 
key properties the authors identify are “integration” (i.e. conscious 
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experience is unified) and “differentiation” (i.e. one can experience 
any of a large number of different conscious states and/or con-
tents). On the basis of them, Tononi and Edelman provide a techni-
cal definition of complexity conceived to include both “functional 
integration and functional specialization or segregation” (i.e. dif-
ferentiation). This definition of complexity is usually assumed, 
implicitly or explicitly, in subsequent research on consciousness, 
especially in the clinical context.

This is clearly illustrated in a recent systematic review of 
the use of complexity in the context of consciousness research 
(Sarasso, et al. 2021). The authors outline that measures of com-
plexity (understood as integration + differentiation) have been 
increasingly used in the last 15 years, with a significant increase 
in the last 2 years, to index changes in the “state” of conscious-
ness in different conditions (e.g. rapid eye movement (REM) and 
non-rapid eye movement sleep, general anesthesia, altered states 
of consciousness, epilepsy, coma, and disorders of consciousness 
(DoCs)).

The same understanding of complexity is reflected in a recent 
article, which proposed a more technical operationalization of 
complexity as “a pattern of positive and negative long-distance 
coordination, high modularity, with low similarity to the anatom-
ical connectivity potentially relevant for the support of conscious 
cognition”(Demertzi, et al. 2019). This definition relates complex-
ity to the integration (i.e. long-distance coordination) of differ-
ent brain areas and to the differentiation of functional modules 
and importantly specifies that the functional organization of a 

complex pattern does not reflect the underlying anatomical con-
nectivity. This latter point suggests the possibility that between 
function (i.e. as recorded by electrophysiological methods and/or 

brain imaging) and structure of a complex system (i.e. neuronal 
connectivity), there is not a one-to-one correspondence.

Importantly, the notion of complexity is usually referred to 

the “level/state” of consciousness rather than to its “contents.” 
This means that complexity-related measures can provide rele-

vant information about the “level/state” of consciousness, while 
they are silent about the corresponding object as well as its 
phenomenology. Actually proponents of integrated information 

theory (IIT) have recently attempted to articulate a connection 
between complexity and the phenomenology of conscious expe-
rience, namely, the experience of spatial extendness (Haun and 

Tononi 2019), but these attempts are admitted at a very ini-
tial stage and in need of further development (Tononi, et al. 
2022). Thus far, complexity-based theories, like IIT, have provided 
testable predictions targeting only the level/state of conscious-
ness (Seth, et al. 2011). In fact, measures of complexity are 
interpreted as quantitative aspects of consciousness, i.e., as tar-
geting its states, without any reference to its content. Thus, IIT 
starts from phenomenology, which should include a reference 
to conscious contents, but it eventually ends up in providing 
quantifiable measures to assess the level/state of consciousness 
(Koculak and Wierzchon 2022). In fact, theoretically IIT defines 
the content of consciousness as the shape of its conceptual (i.e. 
cause–effect) structure, but no way for quantifying it is described 
so far, notwithstanding relevant attempts currently in progress 
(Haun and Tononi 2019; Albantakis, et al. 2023).

Provided this specification, complexity measures seem to show 
a higher sensitivity to the state of consciousness than other alter-
native measures, like event-related potentials (e.g. P3b), measures 
based on global metabolic rates, and global spectral measures. As 
recently outlined, all the complexity-related metrics “concurred 
on the same conclusion: complexity is higher in conditions in 
which consciousness is present and lower in conditions where 

this is lost” (Sarasso, et al. 2021). In short, complexity-related 
measures seem to outperform other approaches in both sensitiv-
ity (i.e. true positive rate) and specificity (i.e. true negative rate), 
as confirmed in a number of studies (Casali, et al. 2013; Sitt, et al. 
2014; Casarotto, et al. 2016; Demertzi, et al. 2019; Luppi, et al. 
2019). This kind of measure of the brain’s capacity for conscious 
states is particularly useful in the clinical treatment of unre-
sponsive patients with severe brain injuries, which may be still 
conscious but actually disconnected from the outside (i.e. unable 
to perceive external stimulation as well as to behave) (Massimini, 
et al. 2009). Accordingly, the clinical value of complexity-related 
measures has been recognized in recent international guidelines 
on DoCs (Giacino, et al. 2018; Kondziella, et al. 2020).

Main features of perturbational complexity 
index
On the basis of the notion of brain complexity as summarized 
earlier, a methodology for measuring it has been developed and 
clinically validated. It basically consists in using transcranial mag-
netic stimulation (TMS) in combination with electroencephalo-
gram (EEG), which allows us to monitor cortico-cortical interac-
tions on a millisecond timescale (Massimini, et al. 2009). Selected 
cortical regions are stimulated with TMS, and then their response 
and the eventual interaction with other regions are monitored 
and quantified. The cortical responses to TMS have been found 
to be significantly different between conscious and non-conscious 
states, in a way that is dependent on the actual level of conscious-
ness (e.g. healthy conditions, anesthetized subjects, and patients 
with DoCs) (Massimini, et al. 2005, 2010; Ferrarelli, et al. 2010; 
Rosanova, et al. 2012; Sarasso, et al. 2015). Thus, the cortical 
response to TMS has been interpreted as an “index” of the level of 
consciousness, which has been formalized in an algorithm, called 
perturbational complexity index (PCI), which basically measures 
the ability of “functionally specialized modules of the thalamo-
cortical system to interact rapidly and effectively thus producing 
complex patterns of activity” (Casali, et al. 2013). In short, four 
steps are necessary to measure PCI: perturbing the brain; record-
ing cortical response to perturbation; statistically extracting a 
binary matrix describing the spatio-temporal pattern of determin-
istic, causal interactions; and compressing this matrix (Casali, 
et al. 2013). The more this matrix can be compressed, the lower the 
brain complexity and then the PCI, which basically reflects how 
many distant cortical areas are activated in a non-stereotypical 
way (e.g. at different timescales).

PCI has also been scaled in relation to different states of con-
sciousness, and a cut-off between conscious and non-conscious 
states is identified at 0.31, a value that is called PCI* (Casali, 
et al. 2013). The clinical validation of this threshold revealed 
its ability to discriminate between different DoCs [namely, vege-
tative state/unresponsive wakefulness syndrome (VS/UWS), and 
minimally conscious state (MCS)], showing higher sensitivity and 
specificity than behavioral diagnostic tools (Casarotto, et al. 2016). 
This is illustrated, for instance, by the case of a patient with an 
initial diagnosis of VS/UWS that gradually recovered conscious-
ness up to the state of MCS. The level of complexity as indexed by 
PCI reached a value compatible with the diagnosis of MCS about 
10 days before than the behavioral assessment showed the new 
state (Rosanova, et al. 2012). This also illustrates the potential 
prognostic value of PCI.

Main tenets of the GNWT
The idea of a cognitive global workspace (GW) was originally intro-
duced by the psychologist Bernard Baars (Baars 1988): specialized, 



About the compatibility between the perturbational complexity index and the global neuronal workspace theory of consciousness  3

non-conscious processors operating in parallel compete for access 
to a limited system, called GW, which allows the processors 
to exchange information (Bayne, et al. 2009). In this model, 
the actual content of consciousness corresponds to what is
in the GW.

Dehaene, Kerszberg, and Changeux introduced a neurobiolog-
ical basis to the GW referred to as the GNWT of consciousness 
(Dehaene, et al. 1998). Its main postulate is that “conscious access 
corresponds to global information availability”: “what we subjec-
tively experience as conscious access is the selection, amplifica-
tion and global broadcasting, to many distant areas, of a single 
piece of information selected for its salience or relevance to cur-
rent goals” (Dehaene, et al. 2011), which would be mediated by a 
defined network of long-range connectivity.

The aim of GNWT is to model the independent processing 
of several and different signals passing through distinct paral-
lel pathways and their integration in a unified physical field or a 
common workspace (Changeux 2004).

Neuronally, Dehaene, et al. (2011) distinguish two distinct com-
putational spaces within the brain: a processing network, com-
posed of a set of parallel, distributed, and functionally specialized 
processors (Baars 1988) or modular subsystems (Shallice 1988) and 
a global neuronal workspace (GNW).

Anatomically, the definition of GNW by Dehaene, Kerszberg, 
and Changeux is different from Baars’ GW: while this is lim-
ited to the brainstem and to non-specific thalamic nuclei, 
the first identified GNW with a system relying on cortical pyra-
midal neurons with long-distance cortico-cortical and subcorti-
cal connections, which can broadcast signals at the brain scale 
(Dehaene, et al. 1998). Thus, according to Dehaene, Kerszberg, 
and Changeux, GNW covers different cortical regions, even though 
pyramidal cells can be denser in specific areas. Yet it is always “ver-
tically” interconnected with their thalamic counterpart. Recently, 
for evolutionary reasons, the cerebellum has been included in the 
GNW (Hublin and Changeux 2022). Consequently, there is no par-
ticular cerebral area where conscious processing is located, but a 
brain-scale process of conscious synthesis is achieved when multi-
ple processors converge to a coherent metastable state (Dehaene, 
et al. 2011; Mashour, et al. 2020).

In short, GNWT suggests that a subset of cortical pyramidal 
cells with long-range excitatory axons, particularly dense in pre-
frontal, parieto-temporal, and cingulate regions, together with 
the relevant thalamocortical loops, form a “horizontal” neuronal 
workspace interconnecting the multiple specialized, automatic, 
and non-conscious processors (Dehaene and Changeux 2011). The 
difference between conscious and non-conscious representation 
(which is an organized activity pattern) is that while this is encap-
sulated within discrete processors, conscious representation is 
globally broadcasted within the GNW as a physiological process 
referred to as “ignition” (Dehaene, et al. 2005). In this way, the 
representation is processed and can be verbally reported (but con-
scious access can be dissociated from reportability (Mashour, et al. 
2020). In the end, what we experience as a conscious state is global 
availability of information (Dehaene and Naccache 2001).

Specifically, the following five sets of brain systems have been 
identified as constituting GNW (Bayne, et al. 2009): high-level 
perceptual processors (e.g. inferotemporal cortex), evaluation cir-
cuits (e.g. amygdala, cingulate, and orbitofrontal regions), plan-
ning and motor intention systems (e.g. prefrontal and premotor 
areas), long-term memory circuits (e.g. hippocampus and parahip-
pocampal regions), and attention-orienting circuits (e.g. posterior 
parietal cortices). According to GNWT, these areas interconnect to 

form a higher-level unified space where representation is broadly 
shared and broadcasted (Dehaene, et al. 2011).

Moreover, it has been possible to identify the following proper-
ties of GNW architecture through its simulation (Dehaene, et al. 
2005; Bayne, et al. 2009):

(i) Feedforward excitation followed by ignition: Processing of 
external stimuli has two stages: first, an ascending feedfor-
ward bottom-up propagation of the stimulus up to cortical 
areas and then a top-down amplification and maintenance 
by a fraction of GNW neurons (Dehaene, et al. 2011).

(ii) Central competition and inhibition: Each ignition activates 
a subset of thalamocortical columns, while the rest of 
workspace is inhibited. This means that other stimuli cannot 
enter GNW. It also underlines the importance if inhibition in 
conscious processing (Volzhenin, et al. 2022).

(iii) All-or-none ignition: Ignition corresponds to a quick dynamic 
burst of activity (eventually referred to as phase transition), 
so that a stimulus either fully ignites GNW or its activation 
quickly dies out.

(iv) Oscillations and synchrony: Ignition increases membrane 
voltage oscillations and synchrony between distant cortical 
areas.

(v) Stochasticity: Conscious access is stochastic and depends 
on spontaneous activity that determines what surpasses 
ignition threshold.

(vi) Subliminal versus preconscious states: When the stimulus 
is too weak, its bottom-up activation does not last enough to 
activate GNW and the stimulus is subliminal. If the stim-
ulus has enough strength, it could anyway not activate 
GNW if this is already occupied by a competing conscious 
representation. Consequently, the stimulus is preconscious.

(vii) Graded levels of vigilance: The ignition threshold is affected 
by ascending neuromodulation corresponding to a gradation 
of states of consciousness.

(viii) Spontaneous activity: An ongoing spontaneous activity 
characterizes GNW, where spontaneous ignitions originate 
endogenously (Dehaene, et al. 2005). This means that global 
ignited states, i.e. conscious access, can occur independent 
of external stimulation. In this case, activation starts in 
high-level areas and is propagated top-down.

Moreover, considerable empirical data confirm the GNW pre-
diction that pre-stimulus baseline fluctuations partially predict 
conscious perception: a stimulus can access conscious process-
ing or not depend on its exact phase relative to the ongoing 
spontaneous activity (Dehaene, et al. 2011). This has also been 
recently indicated by the data collected by another group and their 
theoretical interpretation (Rabuffo, et al. 2022).

The above-mentioned properties of GNW architecture are also 
relevant for assessing residual conscious activity in DoCs. In 
fact, defining a local-global paradigm (Bekinschtein, et al. 2009; 
Faugeras, et al. 2012; King, et al. 2013), GNWT indicates signatures 
of conscious processing that could potentially be used in clinical 
contexts to infer and even to assess residual conscious access in 
patients with DoCs:

(a) Amplification of the signal and access to prefrontal–
parietal–cingulate cortices.

(b) Late global ignition and metastability: While a non-
conscious stimulus is only locally processed (for instance, 
an unconscious image processed in the visual cortex), a 
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conscious stimulus is propagated in higher cortical areas 
in a non-linear manner, according to a phenomenon called 
“global ignition.” Particularly, brain activity becomes more 
stable after around 200–300 milliseconds if the stimu-
lus is conscious (Schurger, et al. 2015; Mashour, et al. 
2020). Importantly, this marker of conscious process-
ing has not been associated with a quantification of 
information/differentiation so far, and it is often absent in 
conscious conditions in which stimuli are not task relevant 
(Pitts, et al. 2014; Sergent, et al. 2021).1 Both points deserve 
further research.

(ix) Brain-scale diffusion of representation: When a stimulus is 
consciously processed, there is a correlation of brain signals 
within the cortex involving its parts at greater distances than 
what happens with non-conscious stimuli.

(x) Global spontaneous activity: In the absence of external stim-
uli, the brain is always spontaneously active. This intrinsic 
activity is highly relevant for consciousness, since the time 
and modality of their interaction affect the content of the 
latter (Dehaene, et al. 2005).

(xi) Late all-or-none firing of “concept cells”: As reported in 
Quiroga, et al. (2008), it has been possible to identify specific 
neurons in prefrontal and anterior temporal cortices that fire 
to specific concepts. This means that their late activity can 
be assumed as a signature of consciousness.

Moreover, GNWT predicts that patients with DoCs, specif-
ically patients in coma and VS/UWS, retain the initial stages 
of processing external stimuli but not the late stages. This 
has been confirmed by functional Magnetic Resonance Imag-
ing activation and Positron Emission Thomography studies with 
patients in VS/UWS, showing the persistence of post-stimulus 
activation of brainstem, thalamus, and primary somatosensory 
cortex (Laureys, et al. 2002; Tshibanda, et al. 2010), while 
the sensory areas are functionally disconnected from “higher-
order” associative multimodal areas (Laureys, et al. 2002; Boly,
et al. 2005).

Finally, the clinical relevance of GNWT for exploring DoCs is 
especially related to its prediction that improvements of DoCs 
depend on the reactivation of long-distance prefrontal and pari-
etal networks, as confirmed by empirical studies on VS/UWS 
(Laureys, et al. 2000).

Discussion
How much compatible are PCI and GNWT?
The compatibility between PCI and GNWT depends on the level of 
details considered (Table 1).

Overall, results derived from the application of TMS-EEG as 
summarized in PCI are compatible with GNWT. In fact, for both PCI 
and GNWT, conscious state is relates to a “deeper and more pro-
longed propagation of activation through long-distance connec-
tions compared to the unconscious state” (Mashour, et al. 2020). In 
a recent attempt to revisiting the GW orchestrating the hierarchi-
cal organization of the brain, Deco et al. (2021) have introduced the 
notion of “functional rich club” to indicate “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 receive integrative infor-
mation” (Deco, et al. 2021). Accordingly, integration can be defined 

1 We thank an anonymous reviewer for highlighting this point.

as the maximization of inter-modular communication (e.g. func-
tional rich club or efficient communication) and the reduction of 
clustering or modularity (Wajnerman Paz 2022). Thus, there is a 
basic compatibility between GNWT and PCI as both relate the 
conscious state to sustained long-distance cortical connections. 
In a nutshell, for GNWT, the state of consciousness is related to 
the brain’s capacity to sustain prolonged propagation of activa-
tion (i.e. a global broadcasting of representation) to long-distance 
prefrontal and parietal networks. It is plausible, if not probable,
that this kind of broadcasting is associated with high spatio-
temporal complexity in response to an external perturbation 
(i.e. high PCI). At the same time, it is also plausible, if not proba-
ble, that high spatio-temporal complexity in response to a cortical 
perturbation (i.e. high PCI) might depend on the integrity and 
availability of the same networks. Therefore, the results of PCI may 
well be strictly compatible with the GNWT predictions.

If we focus on more specific aspects, a number of differ-
ences emerge, which do not necessarily indicate incompatibil-
ity between PCI and GNWT but either partial compatibilities or 
the necessity/opportunity to further check their compatibility, 
namely, through an empirical exploration of the relevance of PCI 
to assess conscious contents in addition to conscious states.

A first difference is in the background definition of conscious-
ness and in the identification of related neuronal structures. For 
both theoretical and experimental reasons, GNWT has been orig-
inally limited to conscious access. Therefore, for GNWT, a con-
scious process corresponds to global access of representation by 
different specialized processors. More specifically, a top-down rep-
resentation flow as selection and broadcasting of signal to special-
ized sensory processors and thalamocortical loops is crucial for 
conscious processing (Mashour, et al. 2020). This is the reason why 
conscious access is not attached to early sensory processing, while 
ignition as a sudden, strong, and sustained activity discriminates 
between conscious and non-conscious processing. Concerning the 
neuronal structures involved in conscious processing, as seen 
earlier, for GNWT, the frontal cortex with its long-distance fiber 
tracts plays an important role in sustaining long-range functional 
connectivity in networks supporting the GNW and therefore con-
scious access (Mashour, et al. 2020). Yet, this does not imply that 
only cortical activity is involved in conscious access: in fact, sub-
cortical layers are also recruited, particularly the thalamus, as 
confirmed by Afrasiabi et al. (2021), which show the contribution 
of subcortical areas (i.e. thalamus and striatum) to decode con-
scious states and to integrate neuronal activity patterns during 
conscious access (Afrasiabi, et al. 2021). 

PCI relies on a background definition of consciousness as a 
conscious state. More specifically, the conscious state is indexed 
by integrated and differentiated information. As mentioned ear-
lier, PCI has been introduced within the framework of IIT, but the 
relation between them is contested. Virmani and Nagaraj (2019) 
outline that PCI lacks a theoretical clear link with IIT, so that the 
first cannot be used to confirm the second (Virmani and Nagaraj 
2019). In fact, as seen earlier, the concept of brain complexity is 
flexible enough to accommodate different theoretical models of 
consciousness, conceived as both conscious access to informa-
tion and conscious state. Therefore, as argued by Koculak and 
Wierzchon (2022), it is mistaken to identify complexity with IIT, as 
well as limiting the relevance of complexity to the states of con-
sciousness excluding any reference to its contents (Koculak and 
Wierzchon 2022).

Notwithstanding its original focus on conscious access, GNWT 
is relevant for getting relevant information from brain dynamics 
about both the level (or state) and the content of consciousness. 
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Table 1. Points that are compatible, partially and/or in principle 
compatible, not compatible, and to be checked

Compatible

Conscious state is related to deep and prolonged propagation of 
organized neuronal activity through long-distance connections

Partially and/or in principle compatible

GNWT PCI

It targets the “level/state” and the 
“content” of a conscious process

It targets the “level/state” of a 
conscious process

A subset of GNW neurons may be 
activated by external stimuli, cog-
nitive task, or stochastically by 
spontaneous activity

PCI results from externally trig-
gered brain activation. It is as 
such silent about conscious 
states activated by cognitive tasks 
or by stochastic spontaneous 
brain activity but, in principle, 
not incompatible with them

Not compatible

GNWT PCI

A crucial role for a conscious state 
is played by the GNW and by 
fronto-parietal cingulate net-
works as part of it, particularly 
through distributed excitatory 
neurons with long-range axons 
able to receive organized neu-
ronal signals from and broadcast 
them to local processors through 
reciprocally connecting tracts

It focuses on the “cause–effect 
structure” of the interaction 
between different specialized 
modules, without identifying 
any specific area critical for the 
conscious state

Conscious access and state depend 
on top-down broadcasting of 
the organized neuronal activity 
pattern and on recurrent loops 
between lower and higher cor-
tical areas (“feedforward” and 
“feedback” connections)

A conscious state correlates with 
the number of long-distance 
cortical regions activated by 
the input (“integration”) and 
the amount of “differentiation” 
among them. PCI does not men-
tion top-down broadcasting of 
neuronal activity

To be checked

GNWT PCI

A conscious process, including 
conscious state, corresponds to 
“global access of information” 
(i.e. representation or organized 
neuronal activity pattern) by 
different specialized processors

A “conscious state” corresponds 
to “integrated and differentiated 
information”

Anti-correlated activity between 
different brain regions (accessing 
the GNW at different times)

Conscious access is different from 
the perceptual report

Representational in nature
The level of conscious processing 

can be quantified
The signal broadcasting which 

according to GNWT is crucial for 
conscious state may be associ-
ated with high spatio-temporal 
complexity in response to an 
external perturbation (i.e. high 
PCI)1

High spatio-temporal complexity 
in response to a cortical perturba-
tion (i.e. high PCI) might depend 
on the integrity and availability 
of the same networks crucial for 
signal broadcasting1

(continued)

Table 1. (Continued)

The brain areas (e.g. prefrontal cor-
tex) and processes (e.g. top-down 
pathways) identified by GNWT as 
critical for conscious access and 
state may play a crucial role in 
achieving the brain complexity 
measured by PCI

1We thank an anonymous reviewer for highlighting this point.

PCI provides an estimate of the level/state of consciousness, while 
it is silent about its possible content. While, at present, PCI has 
been validated only as a measure of the state of consciousness, 
the question is open whether it may be extended to also moni-
tor the capacity for conscious processing of specific information. 
For the time being, on this specific aspect, GNWT and PCI are 
only in part compatible (i.e. concerning the state of conscious-
ness) and potentially compatible (i.e. concerning the content of 
consciousness).

Another point on which PCI and GNWT appear only in part 
compatible is that while for GNWT, a conscious process, includ-
ing both conscious access and state, may be initiated by external 
stimuli, a cognitive task, or stochastically by spontaneous brain 
activity, PCI results from externally triggered brain activation: it 
is true that the stimulus employed to test the brain’s capacity 
for consciousness does not need to be consciously perceived to 
quantify the PCI, but this eventually measures the effect of an 
externally triggered stimulus Thus, PCI is not calibrated on con-
scious states activated by intrinsic cognitive tasks or by stochastic 
spontaneous brain activity, even if, in principle, PCI is not incom-
patible with them. This is another aspect that may be further 
explored.

PCI and GNWT appear incompatible in relation to a number of 
points. First, as summarized earlier, according to GNWT, a crucial 
role for a conscious process is played by the GNW and by fronto-
parietal-cingulate networks as part of it, particularly through dis-
tributed excitatory neurons with long-range axons able to receive 
organized neuronal signals from and broadcast them to local pro-
cessors through reciprocally connecting tracts. As seen earlier, 
GNWT does not ignore the role played by other brain regions, 
including subcortical structures, for conscious processing, but the 
prefrontal cortex is considered a basic constitutive component 
for advanced conscious processing and meta-awareness, includ-
ing reportability. PCI focuses instead on the cause–effect structure 
of the interaction between different specialized modules, with-
out identifying any specific critical area or network for conscious 
processing, including posterior cortical territories.

Second, for GNWT of consciousness, access depends on top-
down broadcasting of neuronal activity patterns and on recurrent 
loops between lower and higher cortical areas (feedforward and 
feedback connections). For PCI, conscious process correlates with 
the number of long-distance cortical regions activated by the 
input (integration) and the amount of differentiation among them 
rather than with top-down broadcasting of information.

It is possible that these incompatibilities are not irreducible but 
rather depend on the state-of-the-art of consciousness science, 
affected by both theoretical and technical limitations. Specifically, 
it is possible that the brain areas (e.g. prefrontal cortex) and pro-
cesses (e.g. top-down pathways) identified by GNWT as critical for 
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conscious access and state also play a crucial role in achieving the 
brain complexity measured by PCI.2

There are then some aspects that need to be better explored in 
order to check the actual compatibility between PCI and GNWT. 
Among them, GNWT is representational in nature, because it 
targets the content of consciousness, while in its current form, 
PCI does not refer to the representational capacity of the brain. 
Also, according to PCI, the state of consciousness can be quan-
tified (as the level of complexity), while the global ignition as a 
central mechanism for GNWT seems to suggest an all-or-none 
phenomenon of conscious processing.

What does the compatibility between PCI 
and GNWT mean?
The fact that a theoretical model of consciousness, specifically 
GNWT, is retrospectively (at least in part) compatible with PCI 
does not mean that the latter can be assumed in support of 
the validity of the former. This (at least partial) compatibility is 
rather evidence of the need to explore the theoretical relevance 
of an empirical index like PCI within different and even concur-
rent theories than IIT, not for validating them but for possibly 
providing them with refined or new empirical tools for assessing 
consciousness.

Historically, the ideas proposed by Tononi and Edelman have 
been expressed earlier by Henri Atlan, who applied integrated 
information to living organisms in general and consequently to 
consciousness in particular (Atlan and Fessard 1972; Atlan 1979). 
The connections between Atlan’s perspective and IIT deserve to be 
explored further. Also, theoretical antecedents to IIT are expressed 
in previous work by Gerald Edelman, including the remark that an 
exclusive focus on functions ignoring the physical structure can-
not explain consciousness (Edelman 1989). Anyway, it is true that, 
as we highlighted earlier, the relationship between consciousness 
and brain complexity has been formalized by Tononi and Edelman 
and subsequently systematized within the IIT framework, partic-
ularly as part of what has been recently described as “weak IIT” 
(i.e. the search for empirically measurable correlates of different 
aspects of consciousness) (Mediano, et al. 2022). These theoret-
ical approaches predicted that reliable measures of the state of 
consciousness should quantify both integration and differentia-
tion (i.e. complexity), while GNWT has usually focused only on 
one of these two components (i.e. on integration understood as 
broadcasting of representation, i.e. organized neuronal activity 
pattern). This is mainly due to the fact that, as mentioned ear-
lier, the target of GNWT has been limited to conscious access. 
Yet, the original formulation of GNWT also included reference to 
diversification. In fact, GNW cannot be reduced to a passive pro-
cessor of representations, and GNWT is accordingly not limited to 
integration, but it also includes diversification though the combi-
nation of representations and importantly of rewards to selected 
representations (Dehaene, et al. 1998). This is made possible by 
evaluation circuits that allow representations in the GNW to be 
associated with positive or negative value. In this way, conscious 
representation is not reduced to the integration of incoming stim-
uli, but it is the result of a “generator of diversity” (Dehaene, 
et al. 1998), which constantly projects and tests hypotheses on 
the outside world (Dehaene and Changeux 1991, 1997). Therefore, 
GNWT as originally conceived also includes the recognition of the 
second component of brain complexity (i.e. differentiation). The 

2 We thank an anonymous reviewer for highlighting this point.

relevance of GNWT to differentiation has been empirically con-
firmed by more recent data from studies about anesthesia and 
DoCs. Anesthetics like propofol, sevoflurane, and ketamine alter 
the functional relationship between critical nodes in the GNW, and 
so they impact the integration of these GNW components. At the 
same time, these anesthetics also reduce the dynamic diversity 
of functional connectivity patterns and so they impact the differ-
entiation of these patterns, which become more constrained by 
anatomy, as also observed in DoCs (Barttfeld, et al. 2015; Demertzi, 
et al. 2019).

In short, we do not interpret the (at least partial) compati-
bility between PCI and GNWT as a kind of post hoc evidence of 
the validity of GNWT, but, on the one hand, as indicating that 
the theoretical framework of GNWT is open to further refine-
ment (specifically in order to accommodate new data about both 
conscious access and conscious state), possibly rediscovering and 
elaborating some elements from its original formulation that have 
been subsequently ignored, and, on the other hand, as raising the 
need to explore the possibility of extending PCI to also conscious 
access and contents.

Conclusion
There is a fundamental compatibility between GNWT and PCI: for 
both, a conscious state is related to deep and prolonged propaga-
tion of organized neuronal activity through long-distance connec-
tions. Against this background compatibility, there are a number 
of partial compatibilities, disagreements, and points to further 
explore. It is possible that apparent incompatibilities depend on 
the state-of-the-art of consciousness science and will be solved in 
the future. In particular, the possibility to extend PCI to conscious 
contents in addition to conscious state should be empirically 
explored.
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Paris: Éditions du Seuil, 1979.



About the compatibility between the perturbational complexity index and the global neuronal workspace theory of consciousness  7

Atlan H, Fessard A. L’Organisation Biologique Et la Théorie de L’information 
Préface de A. Fessard. Paris: Hermann, 1972.

Baars BJ. A Cognitive Theory of Consciousness (Cambridge Cambridgeshire. 
New York: Cambridge University Press, 1988.

Bachmann T, Hudetz AG It is time to combine the two main traditions 
in the research on the neural correlates of consciousness: C = L x 
D. Front Psychol 2014;5:940.

Barttfeld P, Uhrig L, Sitt JD et al. Signature of consciousness in the 
dynamics of resting-state brain activity. Proc Natl Acad Sci USA
2015;112:887–92.

Bayne T, Cleeremans A, Wilken P (ed.), The Oxford Companion to 
Consciousness. Oxford: Oxford University Press, 2009.

Bekinschtein TA, Dehaene S, Rohaut B et al. Neural signature of the 
conscious processing of auditory regularities. Proc Natl Acad Sci 
USA 2009;106:1672–7.

Block N On a confusion about a function of consciousness. Behav 
Brain Sci 1995;18:227–87.

Boly M, Faymonville ME, Peigneux P et al. Cerebral process-
ing of auditory and noxious stimuli in severely brain injured 
patients: differences between VS and MCS. Neuropsychol Rehabil
2005;15:283–9.

Casali AG, Gosseries O, Rosanova M et al. A theoretically based index 
of consciousness independent of sensory processing and behav-
ior. Sci Transl Med 2013;5:198ra105.

Casarotto S, Comanducci A, Rosanova M et al. Stratification of unre-
sponsive patients by an independently validated index of brain 
complexity. Ann Neurol 2016;80:718–29.

Changeux J-P. The Physiology of Truth: Neuroscience and Human Knowl-
edge. Cambridge, MA: Belknap Press of Harvard University Press, 
2004.

Deco G, Vidaurre D, Kringelbach ML. Revisiting the global workspace 
orchestrating the hierarchical organization of the human brain. 
Nat Hum Behav 2021;5:497–511.

Dehaene S, Changeux JP. The Wisconsin Card Sorting Test: theoreti-
cal analysis and modeling in a neuronal network. Cerebral Cortex
1991;1:62–79.

Dehaene S, Changeux JP. A hierarchical neuronal network for plan-
ning behavior. Proc Natl Acad Sci USA 1997;94:13293–8.

Dehaene S, Changeux JP Experimental and theoretical approaches to 
conscious processing. Neuron 2011;70:200–27.

Dehaene S, Changeux JP, Abbott L. Ongoing spontaneous activity con-
trols access to consciousness: a neuronal model for inattentional 
blindness. PLoS Biol 2005;3:e141.

Dehaene S, Changeux JP, Naccache L. The global neuronal workspace 
model of conscious access: from neuronal architectures to clin-
ical applications. In: Dehaene S, Christen Y (eds.), Characteriz-
ing Consciousness: From Cognition to the Clinic? Berlin-Heidelberg: 
Springer, 2011, 55–84.

Dehaene S, Kerszberg M, Changeux JP. A neuronal model of a global 
workspace in effortful cognitive tasks. Proc Natl Acad Sci USA
1998;95:14529–34.

Dehaene S, Naccache L. Towards a cognitive neuroscience of con-
sciousness: basic evidence and a workspace framework. Cognition
2001;79:1–37.

Demertzi A, Tagliazucchi E, Dehaene S et al. Human conscious-
ness is supported by dynamic complex patterns of brain signal 
coordination. Sci Adv 2019;5:eaat7603.

Edelman GM. Neural Darwinism: The Theory of Neuronal Group Selection. 
Oxford: Oxford University Press, 1989.

Faugeras F, Rohaut B, Weiss N et al. Event related potentials elicited 
by violations of auditory regularities in patients with impaired 
consciousness. Neuropsychologia 2012;50:403–18.

Ferrarelli F, Massimini M, Sarasso S et al. Breakdown in cortical effec-
tive connectivity during midazolam-induced loss of conscious-
ness. Proc Natl Acad Sci USA 2010;107:2681–6.

Giacino JT, Katz DI, Schiff ND et al. Practice Guideline Update Rec-
ommendations Summary: Disorders of Consciousness: Report 
of the Guideline Development, Dissemination, and Implementa-
tion Subcommittee of the American Academy of Neurology; the 
American Congress of Rehabilitation Medicine; and the National 
Institute on Disability, Independent Living, and Rehabilitation 
Research. Arch Phys Med Rehabil 2018;99:1699–709.

Haun A, Tononi G. Why does space feel the way it does? Towards a 
principled account of spatial experience. Entropy 2019;21:1160.

Hublin -J-J, Changeux JP Paleoanthropology of cognition: an overview 
on Hominins brain evolution. C R Biol 2022;345:57–75.

King JR, Faugeras F, Gramfort A et al. Single-trial decoding of auditory 
novelty responses facilitates the detection of residual conscious-
ness. Neuroimage 2013;83:726–38.

Koculak M, Wierzchon M How much consciousness is there in com-
plexity?. Front Psychol 2022;13:983315.

Kondziella D, Bender A, Diserens K et al. European Academy of Neu-
rology guideline on the diagnosis of coma and other disorders 
of consciousness. Eur J Neurol 2020;27:741–56.

Laureys S. The neural correlate of (un)awareness: lessons from the 
vegetative state. Trends in cognitive sciences 2005;9:556–9.

Laureys S, Faymonville ME, Luxen A et al. Restoration of thalamocor-
tical connectivity after recovery from persistent vegetative state. 
Lancet 2000;355:1790–1.

Laureys S, Faymonville ME, Peigneux P et al. Cortical processing 
of noxious somatosensory stimuli in the persistent vegetative 
state. Neuroimage 2002;17:732–41.

Luppi AI, Craig MM, Pappas I et al. Consciousness-specific dynamic 
interactions of brain integration and functional diversity. Nat 
Commun 2019:10:4616.

Mashour GA, Roelfsema P, Changeux JP et al. Conscious pro-
cessing and the global neuronal workspace hypothesis. Neuron
2020;105:776–98.

Massimini M, Boly M, Casali A et al. A perturbational approach 
for evaluating the brain’s capacity for consciousness. Prog Brain 
Res 2009;177:201–14.

Massimini M, Ferrarelli F, Huber R et al. Breakdown of cor-
tical effective connectivity during sleep. Science 2005;309:
2228–32.

Massimini M, Ferrarelli F, Murphy MJ et al. Cortical reactivity and 
effective connectivity during REM sleep in humans. Cogn Neurosci-
Uk 2010;1:176–83.

Mediano PAM, Rosas FE, Bor D et al. The strength of weak integrated 
information theory. Trends Cogn Sci 2022;26:646–55.

Naccache L Why and how access consciousness can account 
for phenomenal consciousness. Philos Trans R Soc Lond B Biol Sci
2018;373:20170357.

Pitts MA, Padwal J, Fennelly D et al. Gamma band activity and the P3 
reflect post-perceptual processes, not visual awareness. NeuroIm-
age 2014;101:337–50.

Quiroga RQ, Mukamel R, Isham EA et al. Human single-neuron 
responses at the threshold of conscious recognition. Proc Natl Acad 
Sci USA 2008;105:3599–604.

Rabuffo G, Sorrentino P, Bernard C et al. Spontaneous neuronal 
avalanches as a correlate of access consciousness. Front Psychol
2022;13:1008407.

Rosanova M, Gosseries O, Casarotto S et al. Recovery of cortical 
effective connectivity and recovery of consciousness in vegetative 
patients. Brain 2012;135:1308–20.



8 Farisco and Changeux

Sarasso S, Boly M, Napolitani M et al. Consciousness 
and complexity during unresponsiveness induced by 
propofol, cenon, and ketamine. Curr Biol 2015;25:
3099–105.

Sarasso S, Casali AG, Casarotto S et al.. Consciousness and com-
plexity: a consilience of evidence. Neurosci Conscious 2021;72:
1–24.

Schurger A, Sarigiannidis I, Naccache L et al. Cortical activity is more 
stable when sensory stimuli are consciously perceived. Proc Natl 
Acad Sci USA 2015;112:E2083–92.

Sergent C, Corazzol M, Labouret G et al. Bifurcation in brain dynamics 
reveals a signature of conscious processing independent of report. 
Nat Commun 2021;12:1149.

Seth AK, Barrett AB, Barnett L Causal density and integrated informa-
tion as measures of conscious level. Philos Trans A Math Phys Eng 
Sci 2011;369:3748–67.

Shallice T. From Neuropsychology to Mental Structure. Cambridge, UK: 
Cambridge University Press, 1988.

Sitt JD, King JR, El Karoui I et al. Large scale screening of neural sig-
natures of consciousness in patients in a vegetative or minimally 
conscious state. Brain 2014;137:2258–70.

Thom R. Semio Physics: A Sketch. Redwood City, CA: Addison-Wesley 
Pub. Co., Advanced Book Program, 1990.

Tononi G, Boly M, Grasso M et al. IIT, half masked and half disfigured. 
Behav Brain Sci 2022;45:e60.

Tononi G, Edelman GM Neuroscience – consciousness and complex-
ity. Science 1998;282:1846–51.

Tshibanda L, Vanhaudenhuyse A, Boly M et al. Neuroimaging after 
coma. Neuroradiology 2010;52:15–24.

Virmani M, Nagaraj N A novel perturbation based compression 
complexity measure for networks. Heliyon 2019;5:e01181.

Volzhenin K, Changeux JP, Dumas G Multilevel development 
of cognitive abilities in an artificial neural network. Proc Natl Acad 
Sci USA 2022;119:e2201304119.

Wajnerman Paz A. The global neuronal workspace as a broadcasting 
network. Network Neurosci 2022;6:1186–20.


	About the compatibility between the perturbational complexity index and the global neuronal workspace theory of consciousness
	Introduction
	Brain complexity: definition and clinical relevance

	Main features of perturbational complexity index
	Main tenets of the GNWT
	Discussion
	How much compatible are PCI and GNWT?

	What does the compatibility between PCI and GNWT mean?
	Conclusion
	Acknowledgements
	Conflict of interest statement
	Data availability
	References


