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Understanding the neural basis of con-
sciousness is one of the fundamental chal-
lenges in modern neuroscience. A number of
sophisticated models and theories have
attempted to formalize how the brain im-
plements consciousness using insights
from philosophy, psychology, computer
science, and neuroscience. These include
two major and perhaps competing theo-
ries, the integrated information theory
(IIT) and the global neuronal workspace
(GNW) theory, which differ mainly in
their level of conceptual abstraction and
anatomical specificity.

The IIT, first proposed by Tononi
(2004), focuses on defining what a con-
scious system should look like with
respect to information processing and ar-
chitecture without considering particular
brain areas or temporal profiles. One pre-
diction of IIT is that neural networks sup-
porting consciousness must be highly
interconnected, effectively integrating dif-
ferent components of a state into a unified
experience. A crucial advantage of the IIT
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is that it provides a mathematical metric
of irreducibility (or integration), ®, that
can be related to the level of conscious-
ness. Proponents of IIT point to its ex-
planatory power: for instance, it can
explain why the cortex is capable of pro-
ducing conscious experience while the
cerebellum is not (Lemon and Edgley,
2010; Yu et al,, 2015), even though the
cerebellum possesses up to four times
more neurons. While the IIT has not re-
ceived unambiguous validation (possibly
due to the abstract nature of its descrip-
tion of consciousness; for review, see
Tononi et al. (2016)), it provides one of
the most detailed accounts for the emer-
gence of conscious experience from an
information-processing network.

The GNW theory (Dehaene and Chan-
geux, 2011), in contrast to the IIT, was
empirically derived from EEG and imag-
ing studies in humans and primates.
These studies have shown that when a
stimulus is presented but not consciously
perceived, activation can be seen mainly
in the associated primary sensory cortices.
When the stimulus is consciously per-
ceived, however, activation in primary
cortical areas is followed by a delayed
“neural ignition” in which a sustained
wave of activity propagates across pre-
frontal and parietal association cortices.
According to the GNW model, this allows
relevant information to be broadcast
across the brain to other subsystems for
use in decision-making, reporting, mem-
ory consolidation, and other processes.
Thus, while IIT focuses on abstract

connectivity and information-processing
structure, GNW proposes a concrete spa-
tiotemporal locus for conscious processes.
Unfortunately, while both IIT and
GNW have obtained experimental sup-
port, testable predictions from both theo-
ries are seldom compared within the same
dataset. In a recent issue of The Journal of
Neuroscience, Noel et al. (2019) leveraged
a previously published experimental data-
set to directly compare IIT and GNW at
the single-unit level. In the experiments
published by Ishizawa et al. (2016) (and
later reanalyzed by Noel et al., 2019),
monkeys were subjected to nonaversive
stimuli while extracellular microelectrode
arrays recorded single-unit activity in S1
(primary somatosensory cortex) and vPM
(ventral premotor cortex; involved in mul-
tisensory integration). The stimuli consisted
of an auditory stimulus, a tactile stimulus,
or concurrent auditory and tactile stim-
uli. Crucially, part of the way through
the task monkeys were anesthetized
with propofol, permitting a sophisti-
cated comparison of single-neuron ac-
tivity across states of consciousness.
The authors exploited the multisen-
sory nature of the stimuli to categorize
neurons based on information processing
rules, which they could relate to key math-
ematical predictions from IIT. Neurons
were classified as integrative (AND gate;
exhibiting a multisensory response greater
than the largest unisensory response) or
convergent (XOR gate; exhibiting a mul-
tisensory response smaller than or equal
to the largest unisensory response). Ac-
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cording to IIT, an AND gate possesses a
value of ® that is more than threefold
higher than that of an XOR gate (® = 0.78
vs ® = 0.25, respectively). Noel et al.
(2019) did not find large enough pools of
integrative and convergent neurons in
vPM to generate sufficient statistical
power, so this analysis was restricted to S1
neurons. The authors reasoned that if
integrative neurons underlie conscious
perception, then their multisensory rep-
resentations should more closely track the
state of consciousness than those of con-
vergent neurons. Contrary to this, 69% of
convergent neurons but only 37.1% of in-
tegrative neurons changed their multisen-
sory response classification after propofol
administration. Noel et al. (2019) addi-
tionally considered single-neuron physio-
logical properties, including Lempel-Ziv
complexity (a measure of the statistical
complexity of stimulus-driven responses)
and noise correlations (the amount of
shared response variability between neurons).
They found that both of these measures
were less correlated with consciousness
state in integrative neurons than in con-
vergent neurons. Together, these find-
ings argue against the IIT theory of
consciousness.

Noel et al. (2019) also considered the
following prediction of the GNW: that
consciously perceived stimuli will gener-
ate a wave of activation that simultane-
ously spreads across multiple brain areas
(neural ignition). Supporting the GNW,
the authors found more coactivation of S1
and vPM during conscious awareness
(beyond what would be expected from in-
creased activation of each individual
area). Based on these results, Noel et al.
(2019) concluded that the data support
the GNW model over IIT at the level of
single neurons.

Should GNW and IIT be viewed as
strictly nonoverlapping hypotheses about
how neural circuits implement conscious-
ness? Placing the findings by Noel et al.
(2019) in a broader context, it is possible
that the two theories are not inherently
incompatible, and that GNW and IIT
could provide a powerful, overlapping ex-
planation of conscious experience at the
level of anatomy and connectivity struc-
ture, respectively. Indeed, the current
findings, taken at face value, simply rule
out an anatomical locus (S1) and spatial
scale (single neurons) at which IIT might
be expressed. Proponents of IIT could
point out that “integrative” neurons in
this study might represent local, but not
absolute maxima of integrative power; the
real locus of consciousness, then, would

be located in an area or at a spatiotempo-
ral grain not recorded here. Thus, testing
the IIT model and identifying the sub-
strate of consciousness proposed by Tononi
(2004) will likely require advanced tech-
niques, including simultaneous recording
and manipulation of thousands of neu-
rons in behaving animals (Jun et al., 2017;
Marshel et al., 2019). In the future, these
approaches could potentially help to rec-
oncile the GNW and IIT by defining dis-
tinct levels of abstraction for each.

One caveat of this reconciliatory per-
spective is that it must contend with evi-
dence showing that primary sensory
cortices can, indeed, reflect conscious
processes. Kulics (1982) recorded from
monkey SI in a go/no-go task and found
that a late component (~50 ms) of the
evoked potential correlated with percep-
tion. Similar perception-related delayed
responses have been observed in human
primary auditory cortex (Wiegand and
Gutschalk, 2012) and visual cortex (Maier
etal., 2008). Intriguingly, anatomical data
suggested that this later component likely
resulted from synaptic input to cortical
layers I/11, suggesting that it was generated
by corticocortical loops rather than bottom-
up sensory stimulation (Cauller and
Kulics, 1991). These loops have been sug-
gested to be a general feature of conscious
perception (Meyer, 2011). If S1 indeed
supports consciousness, and Noel et al.
(2019) failed to find support for IIT in
this area, one might argue that this in-
validates IIT itself. However, the find-
ings of Noel et al. (2019) are also
compatible with a perspective in which
primary sensory cortices simply track
conscious experiences through delayed
feedback projections from corticocorti-
cal loops, but cannot actually generate
consciousness. This would explain why
single integrative neurons are not strongly af-
fected by anesthesia.

The work by Noel et al. (2019) also
contributes to an important debate about
the spatial scale over which conscious pro-
cesses occur. Earlier work reported that
single-unit activity in monkey somatosen-
sory cortex did not covary with perceptual re-
ports, suggesting that consciousness may only
be present in network readouts (de Lafu-
ente and Romo, 2005). Further evidence
came from work in monkey V1 (Maier et
al., 2008) showing that spiking behavior
of neurons did not track perception of vi-
sual stimuli, yet BOLD (blood oxygen-
ation level-dependent) responses and
low-frequency local field potentials did.
However, recent work in medial frontal
cortex of humans has highlighted that the
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responses of individual cells can, in fact,
be correlated with conscious reporting of
stimuli (Reber et al., 2017; Gelbard-Sagiv
et al., 2018). The study by Noel et al.
(2019) helps to reconcile these findings
by demonstrating that single-neuron re-
sponses are heterogeneous and dependent
on information processing type: while
some neurons (convergent) mostly track
consciousness state, other neuron types
(integrative) are seemingly not altered to
the same extent. However, this also dem-
onstrates the difficulty of inferring net-
work properties from mixed single-unit
activity, implying that perhaps a direct
comparison of integrative and convergent
neurons is not the ideal spatial scale for
testing the IIT framework. Further work is
needed to define the input—output archi-
tecture of such consciousness-tracking
neurons, as well as to link the heteroge-
neous activity of single neurons with more
abstract metrics of brain activity shown to
be reflective of conscious processes. Rele-
vant metrics might include criticality,
which quantifies the extent to which a sys-
tem is near the inflection point between
stability and disorder (Alonso et al., 2019)
and dynamic signal coordination, which
quantifies the patterns of phase correla-
tions between brain areas (Demertzi et al.,
2019).

Consciousness remains one of the
great unsolved mysteries in systems neu-
roscience. The work of Noel et al. (2019)
provides an incisive direct comparison
of two major theories of consciousness
within the same single-unit dataset, ruling
out a spatial scale and anatomical locus
over which IIT formalism could poten-
tially explain consciousness. This exciting
field will, we suspect, continue to work toward
a more detailed understanding of how the
connectivity structure of the brain interacts
with spatiotemporal activity patterns to gener-
ate human consciousness.
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