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During the last three decades our understanding of the brain processes underlying
consciousness and attention has significantly improved, mainly because of the
advances in functional neuroimaging techniques. Still, caution is needed for the
correct interpretation of these empirical findings, as both research and theoretical
proposals are hampered by a number of conceptual difficulties. We review some of
the most significant theoretical issues concerning the concepts of consciousness and
attention in the neuroscientific literature, and put forward the implications of these
reflections for a coherent model of the neural correlates of these brain functions. Even
though consciousness and attention have an overlapping pattern of neural activity,
they should be considered as essentially separate brain processes. The contents of
phenomenal consciousness are supposed to be associated with the activity of multiple
synchronized networks in the temporo-parietal-occipital areas. Only subsequently,
attention, supported by fronto-parietal networks, enters the process of consciousness
to provide focal awareness of specific features of reality.

Keywords: consciousness, attention, neural correlates, fronto-parietal network, global workspace, brain
network, synchronization

INTRODUCTION

During the last three decades the advent and development of new scientific procedures, such as
the functional magnetic resonance imaging (fMRI) and the positron emission tomography (PET),
have allowed neuroscientists to study the activity of the living brain. These methods have been
extensively used to determine the activation of brain regions in connection with specific cognitive
functions. Although these tools of scientific investigation have significant limitations in terms of
temporal resolution (Raichle, 1998; Logothetis and Wandell, 2004), they nonetheless have good
performances in spatial resolution. Research programs across all over the world have used them
to identify with an acceptable degree of accuracy the neural correlates of any aspect of mental
activity. The outcome of this massive endeavor relies not only on the technological power of these
instruments, but also on our correct interpretation of the neuroimaging results. As a matter of fact,
a correct analysis of experimental data is of fundamental importance, particularly when human
cognitive functions are studied.

Neural correlates can be described at very different scales, depending on the applied method.
Electrophysiological techniques allow to record signal even from a single cell, and neuronal arrays
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can track real-time interactions at the same micro-scale.
Conversely, neuroimaging instruments are useful to study
phenomena from meso- to macro-scale. The MRI research
constantly tries to improve spatial resolution by reducing the
size of voxels; however, spatial resolution still remains very far
from cellular details. The fMRI methods allow to investigate brain
functions under two conditions: resting state and task. During
the resting state we can analyze the spontaneous activity (which
is sometimes referred to as “intrinsic activity”) of the brain while
the subject is not engaged in a specific task (Biswal, 2012). During
the task condition (which is sometimes referred to as “extrinsic
activity”) we can analyze the state of an individual’s brain while
he or she is engaged in an experimental paradigm, which often
involves the presentation of sensory stimuli (Clark, 2012) - for
a detailed comparison of the two conditions see Smitha et al.
(2017). Both resting state and task experiments are frequently
based on the measurement of the so-called blood oxygenation
level dependent (BOLD) effect (Ogawa et al., 1992). The BOLD
signal represents the changes in the level of oxygenation of a brain
region related to neuronal activations (Pike, 2012). Consequently,
it is supposed to roughly reflect the underlying electrical activity,
though neurovascular coupling is still an open topic of debate
(Pike, 2012). As the BOLD signal is a quasi-quantitative and
indirect measurement of these activations (Pike, 2012; Robertson
and Williams, 2016), fMRI does not allow stricto sensu the direct
manipulation of neuronal firings. However, in task conditions it
is assumed that changes of the BOLD signal shortly before the
presentation of a stimulus correlate with brain activity related to
the processing of that stimulus. Hence, fMRI may to some extent
allow the detection of the effect due to an ongoing manipulation.

A further and more stringent question pertains to the
specificity of the interpretation of a pattern of brain activity
in terms of mental functions. In other words, how confident
can we be when we assign to an observed activation pattern a
specific function? This is often called “reverse inference” and a
dissertation of this topic is beyond the scope of this review (for
an in-depth analysis see Cauda et al., 2019). The debate about
the possibilities, as well as difficulties, of reverse inference is
currently ongoing, involving not only neuroscientific aspects, but
also philosophical and mathematical ones. However, this method
should be applied with caution when dealing with neuroimaging
data (Poldrack, 2006).

In theory, all mental activities might be mapped on the brain
and associated with a specific neural correlate (Nani et al., 2013).
This neural stance (Lamme, 2006) is supposed to be at the basis
of neuroscientific research: a change in the mind (here broadly
conceived as the collection of all the intellectual processes capable
of producing behavioral manifestations, thoughts, and feelings)
must be always accompanied by a change in the brain. However, if
this is now beyond dispute, it is not the other way round: a change
in the brain may not always be accompanied by a change in the
mind. In other words, the relationship between mind and brain
appears to be not symmetrical. From a macro-scale perspective,
different mental functions are supposed to be associated with
different neural correlates; however, different neural correlates
might be associated with the same mental function (for instance,
pain can be processed and felt differently from person to person,

or even by the same person in different times). Furthermore,
there is the tricky question to conceptually distinguish a mental
function from the others. Are two mental functions really distinct
or one can subsume the other? Ideally, we should be able to
define them clearly, which happens very rarely (memory, for
instance, has been successfully divided into different types -
short-term, long-term, episodic, semantic, procedural, etc. -, but
other mental functions, such as language, are so multifaceted and
complex that defy any attempt of precise classification). In light
of these theoretical quandaries, it is still controversial whether
specific neural correlates can be matched precisely to each of the
numerous and various aspects of the human mind.

We can see how theoretical and empirical issues are thickly
intertwined in the quest for understanding consciousness and
attention (Koch, 2006). Although research has been extensive on
both sides, so far there is no agreement on their definition. Some
authors consider attention the sentry at the gate of consciousness
(Zeman, 2001), a fundamental prerequisite for being conscious of
something (James, 1890; Posner, 1994; Velmans, 2000; O’Regan
and Noe, 2001). According to this view, attention should be
thought of as a type of focal awareness and, as a consequence,
the concept of attention should be absorbed in the concept
of consciousness. In contrast, other researchers have provided
evidence that consciousness and attention might be distinct and
separate processes going on in the brain (Baars, 1997; Damasio,
1999; Koch and Tsuchiya, 2007; Dehaene and Changeux, 2011).
According to this view, although we need attentional selection to
get a full conscious access of stimuli, attention and consciousness
should be treated as dissociable brain processes and, therefore, we
should maintain their distinction at the conceptual level.

At least from the psychological point of view, it could be
argued that consciousness and attention seem to refer to different
concepts and mental activities. Consciousness is a broader label
than attention, so much so that we can roughly single out at
least three general conceptions of consciousness: consciousness
as ‘waking state, consciousness as ‘experience; and consciousness
as ‘mind’ (Zeman, 2001). But other distinctions are possible.
For instance, given its different contents, we can distinguish a
‘phenomenal consciousness’ and an ‘access consciousness’ (Block,
1995). The former is related to how reality appears to us,
while the latter is related to the cognitive availability of certain
information. In this review we will adopt this distinction and
the framework of the two dimensions of consciousness, that is,
the dimension of wakefulness and the dimension of contents
of conscious experience (Cavanna et al., 2013). We consider
phenomenal consciousness as the way the world appears to us,
that is, as the collection of all the possible qualitative features
of reality. In turn, we consider access consciousness as the
availability of a specific content of consciousness, of which we
can become focally aware. These two aspects of consciousness
(phenomenal and focal) conflate with each other under the
control of attention and can find their place in a Cartesian
diagram at the intersection of two points, one related to the level
of wakefulness, vigilance, or alertness, and another related to
the level of intensity, vividness, and focality of each phenomenal
content. In theory, every degree of conscious experience can be
represented in this two-dimensional space (Figure 1).
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FIGURE 1 | A two-dimensional representation of consciousness. The X axis
represents the Content of Consciousness, the experience of which can vary in
vividness. The Y axis represents the Level of Consciousness, or wakefulness,
or vigilance, or arousal. Clinical conditions are in red, while normal
physiological states are in yellow. Solid lines indicate transitions between
states that require a change both of content and of level of consciousness.
Conversely, dashed lines indicate transitions for which one dimension remains
constant.

The concept of attention is no less clear-cut, but can be
analytically sifted as much as the concept of consciousness.
Attention can be selective, that is, it can be focused on a
particular stimulus or object of the world. It can be exogenous
when it is elicited by an external stimulus, or endogenous
when it is elicited by an internal one. It can be involuntary if
it is captivated by an abrupt and sudden stimulus, or it can
be voluntary if it is intentionally concentrated on a certain
thing. Attention can last very briefly, passing from stimulus
to stimulus, or can be sustained for a long time toward a
specific object. Consciousness, on the other hand, does not
appear to have these attributes. First, conscious states are not
under the control of the will. Although conscious states can
be to some extent modulated - by substances like drugs and
alcohol, by practice like meditation (Manuello et al., 2016),
and by attention itself, which selectively processes information
that, thereby, can enters conscious experience -, it simply
happens to us to be conscious every morning when we wake
up from sleep. In contrast, consciousness itself seems to be a
precondition to exert voluntary control of behavior. Second,
consciousness appears to be a self-sustaining process (a stream
or a flow) that extends through two dimensions, the dimension
of the level of vigilance or arousal, and the dimension of
contents (Nani et al., 2013; Cavanna and Nani, 2014). Within
these two dimensions it is possible to have different degree of
consciousness, depending on how much a waking person is
vigilant, alert or aroused, and on how vivid and intense the
contents of the experience are.

The concepts of attention and consciousness, therefore, can be
psychologically separated. The point is now to see whether or not
the distinction at the conceptual level can be maintained at the

neurophysiological level. Do consciousness and attention have
different neural correlates? If so, what is the relationship between
these two functions? Can attention be elicited in individuals
having unconscious perception? And, conversely, are there cases
in which consciousness can occur without attention?

Over the years several experiments have been conducted
in order to answer these questions. This paper discusses the
conceptual issues that stir the debate about the dissociation
of consciousness and attention and reviews the most relevant
studies in the neuroscientific literature that have tried to identify
the neural correlates at the root of these processes. In light of
the results of this research, the final section proposes a model of
neural interaction between consciousness and attention capable
of reconciling the different positions.

SEPARATE FUNCTIONS FOR
ATTENTION AND CONSCIOUSNESS

Broadly speaking, there is common agreement on the idea
that attention is a brain function capable of selecting relevant
information from our sense data. In other words, “the concept
of attention refers to one of the basic characteristics of cognition,
namely the capacity to voluntary and involuntary give priority
to some parts of the information that is available at a given
moment” (Naghavi and Nyberg, 2005). As we have already noted,
attention has the significant property of being either voluntary
or involuntary. This aspect is of fundamental importance,
as it allows to distinguish between two types of attentional
processes: a top-down attention and a bottom-up attention (Kim
et al., 1999; Rosen et al, 1999; Naghavi and Nyberg, 2005).
Top-down attention derives from endogenous factors and is
characterized by a voluntary control exerted by the conscious
mind in order to concentrate on a particular feature (feature-
based attention), object (object-based attention) or region in
space (focal attention). It is a high-level form of attention capable
of selectively exerting concentration on different aspects of a
perceptual scene. In turn, bottom-up attention is a low-level form
of attention which is elicited by exogenous factors; it is therefore
stimulus-driven, automatically triggered by stimuli capable of
attracting one person’s focus.

Undoubtedly, consciousness is strictly related to both types
of attention. However, there seems to be a curious asymmetry
between the two types of attention with regard to their
relationship with consciousness. On the one hand, it seems
that bottom-up attention can direct consciousness on a certain
stimulus. On the other hand, it seems that consciousness can
direct top-down attention on a certain stimulus. In other
words, it seems that bottom—up attention precedes consciousness,
whereas top—down attention follows consciousness. Evidence for
this can be seen in certain types of epileptic crises affecting
both the level and contents of consciousness. During complex
partial seizures, for instance, patients can show an impairment
of the voluntary control of attention (Johanson et al., 2003).
In particular, in those patients top-down attention is so much
affected as to be described as “forced attention,” because it
involves the narrowing of the focus of attention and the absence
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of the voluntary control of its direction. Nonetheless, although
it seems more likely that the dissociation may be possible for
bottom-up attention than for top-down attention, experiments
and clinical reports show that dissociation is possible for both
types of attention.

With regard to top—down attention, a number of experiments
show that it is possible to deploy attention to a stimulus
that remains unavailable to consciousness (Koch and Tsuchiya,
2007; van Boxtel et al., 2010). This effect has been reported
in the attentional manipulation of non-conscious priming and
adaptation, as well as in the attentional cueing of invisible stimuli
(Ansorge and Neumann, 2005; Kiefer and Brendel, 2006; Sumner
et al., 2006). Non-conscious priming is improved by feature-
based (Melcher et al., 2005; Tapia et al., 2010), spatial (Kentridge
et al., 2008; Finkbeiner and Palermo, 2009; Van den Bussche
et al., 2010), and temporal attention (that is, cueing when the
prime or targets appear) (Naccache et al., 2002). The force of
adaptation to perceptually invisible (features of) stimuli such as
orientation (He et al., 1996; Montaser-Kouhsari and Rajimehr,
2004; Kanai et al., 2006; Bahrami et al., 2008a,b; Shin et al,
2009) or the gender of faces (Shin et al., 2009) is enhanced by
increasing feature-based and spatial attention to these attributes.
Furthermore, there is evidence that attention can be deployed
without conscious registration of a stimulus. This has been
showed by studies investigating attentional cueing effects on
sub-threshold or invisible stimuli (Rajimehr, 2004; Jiang et al.,
2006; Sato et al., 2007; Lin et al., 2008, 2009; Meteyard et al,,
2008; Tsushima et al., 2008; Bauer et al., 2009). A study showed
that the random motion of dot stimuli, whose coherency was
so low that subjects cannot distinguish their directions above
chance, was more distracting for a concurrently performed
central task than the motion of stimuli with high coherency
(Tsushima et al., 2006).

With regard to bottom-up attention, the blind vision
(Weiskrantz, 1997) and other types of zombie behaviors (Koch
and Crick, 2001) show that we can cope with the environment,
at least to some extent, without the help of consciousness. For
instance, in affective blinsight patients exhibit non-conscious
perception of basic emotions (Celeghin et al., 2015), while in
somnambulism or sleepwalking a person can move and even
drive without conscious perception (Hughes, 2007). This kind of
unconscious processing has been also observed in neurological
patients experiencing neglect and extinction (Vallar, 1998), limbic
status epilepticus (Monaco et al., 2005; Cavanna, 2008), as well
as in a number of neuroimaging studies on healthy individuals
(Koch, 2006). In particular, the condition of blindsight, in
which individuals with lesions of the visual areas are able to
avoid obstacles and to point to visual stimuli, provides evidence
that both top-down attention and bottom-up attention can
occur without consciousness. For example, it has been reported
that “the blindsight patient GY has the usual reaction-time
advantages for the detection of targets in his blind visual field
when attentionally cued, even when the cues are located in
his blind field” (Kentridge et al., 2004). There is, therefore,
evidence that attention can occur without conscious processing,
and that attentional selection can modulate the elaboration of
unconscious stimuli (Naccache et al., 2002; Kentridge et al.,

2008). Furthermore, it has been reported that attention can
be oriented to the location of a target stimulus that remains
invisible (McCormick, 1997; Woodman and Luck, 2003). In
other words, evidence suggests that simple or single targets
do not require attentional selection for conscious processing
(Wyart and Tallon-Baudry, 2009).

Experiments show that it is also possible to have a conscious
experience of an object or of an attribute of an object without
actually paying attention to the object or its attributes (Koch
and Tsuchiya, 2007; van Boxtel et al, 2010). As a matter of
fact, we are generally conscious of the world that surrounds
us without directing explicitly attention to all its elements, that
is, without exerting high-level attention on specific aspects of
the visual scene. In other words, top—down attention does not
need to participate in perceiving the gist of a certain scene
(Li et al., 2002; Larson and Loschky, 2009). Other evidence of
conscious perception with no direct attention processing comes
from studies based on pop-out effect, iconic memory, partial
reportability, and dual-task paradigm (Braun and Sagi, 1990;
Braun and Julesz, 1998; Block, 2007; Koch and Tsuchiya, 2007;
Tsuchiya and Koch, 2008; Lamme, 2010). In particular, it has been
observed that the gist of a natural scene as well as the gender
and identity of a face picture can be reported under dual-task
conditions (Mack and Rock, 1998; Reddy et al., 2004; Reddy et al.,
2006; Torralba et al., 2006; Alvarez and Oliva, 2008, 2009).

All the cases described above prove that attention and
consciousness can be dissociated and that some aspects of the
world can be perceived without consciousness. At least for
performing simple actions, which are profoundly based on innate
schemas or apprehended automatisms, as well as for paying
attention to simple stimuli, consciousness appears to be not
essential. This seems counterintuitive, as we are used to think
that consciousness is one of the most important properties of
our brain, without which we would not be who we are. It
is the fact that we are conscious that makes us behave the
way we do. For example, we would not be able to learn to
speak a new language or to play a musical instrument without
being conscious of what we are actually doing. Consciousness,
therefore, seems to be fundamental for dealing with unexpected
situations and new stimuli, and for performing novel tasks
(Baars, 1997). Furthermore, sophisticated emotional experiences
cannot be appropriately evaluated by unconscious individuals
(Damasio, 1999). Consciousness is also necessary for making
decisions, for the voluntary control of actions, for making plans
and programs for the future, for recalling memories from the past
and for building a sense of self (Baars, 1997). In general, it seems
that all our major mental functions, such as reasoning, creative
thought, imagination, empathy (Haladjian and Montemayor,
2016), evaluation of complex feelings (Tsuchiya and Adolphs,
2007), memory retrieval, and action planning can occur and
develop in the presence of consciousness (Zeman, 2001).

The above considerations suggest that the functional roles
of consciousness and attention are radically different. This
position is also compatible with an evolutionary framework that
considers consciousness and attention two distinct functions
and adaptations of biological organisms (Montemayor and
Haladjian, 2015). Within this picture, attention is seen as a
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primitive cognitive function and one of the earliest adaptations
of the nervous system, capable of selecting and filtering relevant
information for higher-level processing. Types of attention
evolved independently and prior to phenomenal consciousness,
and allowed the representations of complex multi-feature objects
and their maintenance in working memory systems. This was
an essential step to develop consciousness, as attention provided
the scaffolding for the elaboration of more complex cognitive
functions beyond the detection of simple features, including
object tracking, visual search tasks, and object recognition
(Haladjian and Montemayor, 2015). Therefore, dissociation
between the two faculties can also be sustained from an
evolutionary perspective.

In sum, consciousness seems to be a process capable of
allowing the elaboration of information so as to construct a
survey of what is going on inside and outside the body, while
attention seems to be the capacity of the mind to shift and
appreciate the sensory relevance from one perception to another.
In other words, the conscious faculty of the mind can be thought
of as a synthesizer, whereas the attentional faculty of the mind
can be thought of as an analyzer (van Boxtel et al., 2010). This
difference at the conceptual, psychological, and evolutionary level
is supposed to be reflected at the neurophysiological level into
distinct neural correlates for consciousness and attention.

BRAIN MECHANISMS AT THE ROOT OF
CONSCIOUSNESS AND ATTENTION

Neural Correlates of Conscious

Processing

The neural correlates of consciousness have been defined as
the minimal neural mechanisms that are together necessary and
sufficient for experiencing any conscious percept (Crick and
Koch, 1990). As we have seen, consciousness is a process that
unfolds along two dimensions (wakefulness and phenomenal
contents). The quest for the neural structures that are important
for the level of consciousness has come from classic and
modern lesion inquiries, as well as from fMRI investigations,
which show that consciousness is supported by a complex
interplay of different networks, including the ascending reticular
activating system (ARAS) in the brainstem, the non-specific
nuclei of the thalamus, and the widespread thalamocortical
projections to anterior cingulate, posteromedial cortex and
fronto-parietal association cortices (Tsuchiya and Adolphs, 2007;
Cavanna et al., 2013).

The level of vigilance can be modulated by the dynamics
of resting state and task-engaged networks. According to the
‘default mode’ paradigm of brain function, a system of extensively
interconnected cortical regions located mainly on the medial
portion of the hemispheres, which is more active during rest
than during perceptual and attentional engagement with the
environment, is supposed to be crucial to the maintenance
of consciousness (Raichle et al, 2001; Nani et al, 2013).
In turn, the posteromedial parietal areas (posterior cingulate,
retrosplenial cortex and precuneus), together with the medial

frontal, anterior cingulate and lateral parietal cortices are more
active when the brain is engaged in internal monitoring and in
processing information related to self (Cavanna and Trimble,
2006; Cavanna, 2007). This functional network exhibits strong
connections not only between its components, but also with
fronto-parietal association areas and non-specific thalamic nuclei
(Parvizi et al., 2006).

The neuroscientific research on the phenomenal contents of
consciousness highlights the activation of structures that are
thought to be involved in processing specific conscious percepts.
Studies on the neural correlates of phenomenal consciousness
have investigated the conditions in which the same sensory
information can be processed in presence or in absence of
awareness (Moutoussis and Zeki, 2002). This research provides
evidence that the initial steps of the conscious perception of a
visual stimulus occurs in the very same areas that are activated
when the perception of the stimulus is unconscious; what varies
between the two conditions is that in the former brain activity
is much more intense than in the latter. These studies have led
to the identification of important brain nodes, whose activity
with a certain degree of intensity within a network is supposed
to be fundamental in order to progressively build a conscious
perception of the features or objects of the world.

Let us take for example the case of visual consciousness. It has
been observed that within the ventral visual system the area V4
performs an elaboration that is essential for having the subjective
and phenomenal experience of color (Zeki, 1973, 1983). This
area is also supposed to be involved in the selective extraction
of features related to shape and depth representation (Roe et al.,
2012). It seems therefore that if V4 is selectively damaged (due
to a lacunar stroke, for instance), the individual will be unable
to experience color. Conversely, if V4 is electrically stimulated
(during brain surgery, for instance), the patient will experience
color. However, this has been debated (Cowey and Heywood,
1997) and thus far there is no consensus on the matter (Roe
et al., 2012). It is more likely that the activity of this region
might be essential but not sufficient for the conscious perception
of color. According to a number of fMRI studies, in order to
have a full-fledged visual conscious experience something further
needs to be added, namely, a complex and dynamical interaction
among other brain areas, especially those, it has been claimed,
of the fronto-parietal network (Dehaene and Naccache, 2001;
Naghavi and Nyberg, 2005).

The suggestion that consciousness depends on the global
activation of a large-scale cortical network has led to the idea that
the neural correlates of visual conscious perception are not to be
found in the primary or secondary visual cortices, but, rather, in
the association activity of the fronto-parietal system (Dehaene
and Naccache, 2001; Rees et al., 2002; Bor and Seth, 2012).
Similarly, it has been proposed that the neural correlates of visual
consciousness should be divided into primary and secondary
brain areas, whose early activity in the occipital lobe may support
the first perceptual discriminations among stimuli and later
activity in fronto-parietal areas may support the integration of
different visual features that are contingent on the outcomes
of the earlier perceptual processing (Pins and Ffytche, 2003).
Reentrant signaling mechanisms are supposed to lie at the root
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of these different types of elaboration (Seth and Baars, 2005).
This recursive processing is considered to be the combined flow
and integrated outcome of afferent and recurrent activity across
a series of cortical areas (Pollen, 2003). It therefore appears to be
one of the predominant forms of communication between brain
networks (Di Lollo et al., 2000).

Important reentrant circuits are not only cortico-cortical but
also thalamocortical. Especially with regard to the thalamus, it
has been proposed that this complex structure may play a pivotal
role in supporting consciousness (Ward, 2011). The numerous
nuclei of the thalamus are extensively connected with the cortex,
from which they receive feedback projections (Nieuwenhuys
et al., 2007). It has been hypothesized that especially the
thalamic reticular nucleus (TRN) may play a role in modulating
consciousness by regulating the local 40-Hz oscillations that are
observed in many parts of the brain (Newman, 1995; Min, 2010).
Indeed, the capacity of the thalamus to synchronize cortical
activity has been repeatedly observed (Llinas et al., 1998, 1999;
Herrero et al., 2002). Furthermore, it has been observed that the
abolishment of inhibitory interactions between the neurons of the
TRN and other thalamic neurons significantly increases absence
epileptic seizure-like and low-frequency synchronous oscillations
within the dorsal thalamic nuclei (Huntsman et al., 1999).
This finding provides evidence that such inhibiting mechanism
might play a role in preventing the neural hyper-synchrony
that characterizes generalized seizures and their accompanying
state of unconsciousness (Steriade, 2005). Notably, only two
places in the brain can abolish consciousness if damaged
bilaterally: the ARAS and the intralaminar nuclei of the thalamus.
These thalamic nuclei are intensively connected with both the
ARAS and much of the rest of the brain (Ward, 2011). These
diffusely projecting thalamic neurons are supposed to constitute
a pathway capable of subserving the dimension of the level of
consciousness by propagating synchronous oscillations across
the brain so as to create a coherent baseline of neural activity
(Jones, 2001, 2002, 2009). Within this picture, the thalamic
nuclei, in combination with the brainstem arousal system, can
determine and maintain thalamo-cortical synchronization at
40 Hz (vigilance or wakefulness) or at much lower frequencies,
in the delta (2-3 Hz) range (sleep) (Ward, 2011).

The relationship between consciousness and synchronous
neural activity has been repeatedly emphasized (Tononi and
Edelman, 1998a,b; Rodriguez et al., 1999; Srinivasan et al., 1999;
Edelman and Tononi, 2000; Engel and Singer, 2001; Ward, 2002,
2003; Melloni et al., 2007). In particular, the process of brain
synchronization appears therefore to be a fundamental ingredient
for binding together a multitude of attributes within a single
conscious experience (Singer, 1999).

Undoubtedly, this complex picture makes consciousness a
matter of degrees. A phenomenal content of consciousness
is progressively constructed and refined passing through the
elaboration of different brain areas until it is completely
processed. It is as if the primary and secondary sites of perception
do an early and preconscious draft of the content; then this
‘protocontent’ is passed on for further processing to other areas,
which are in a higher position in the cortical hierarchy, until
the content reaches the final stage and is broadcast throughout

the global workspace of the fronto-parietal system, where it
becomes eventually conscious. Three stages have been proposed
to account for this elaboration: subliminal, preconscious, and
conscious (Dehaene et al., 2006). The first stage (i.e., subliminal)
is not strong enough to produce the emergence of conscious
experience. The second stage (i.e., preconscious) is strong enough
but, without the help of attention, cannot produce a content that
enters the global workspace. In other words, the preconscious
stage is supposed to be confined to sensori-motor processors
within occipito-temporal loops and its contents, though they
can cause priming at multiple levels, cannot be reported. The
third stage (i.e., conscious) is strong enough and, at the same
time, can produce a reportable content that enters the global
workspace when it is processed under the light of attention. In
this theoretical model, the movie of consciousness is directed by
attention, which decides which content can or cannot play its part
on the theater of conscious experience.

It can be claimed that this elaboration may apply to every
type of conscious content, not just to the visual ones. Each
phenomenal content (be it visual, auditory, tactile, gustatory,
and somatosensory) needs to be analyzed in increasingly
sophisticated steps so as to emerge consciously as an object
of thought and perception. As we have seen, along this chain
of processing phases, certain brain nodes might be more
fundamental than others (such as V4 for color representation),
the impairment of which may lead to the lack of capacity
to experience the relative conscious feature (for instance,
achromatopsia in case of V4 disruption or lesion). At this
point, the absence or defects of the conscious percept could be
interpreted in two different ways. On the one hand, it could
be argued that if the final stage of conscious processing is not
accomplished, that is, if a certain aspect of the phenomenal
content does not enter the fronto-parietal system, then it is
not possible to consciously perceive that aspect. On the other
hand, it could be argued that the aspect of the content, which
is not consciously perceived, remains under the threshold of
consciousness only because the function of the disrupted node
cannot be replaced by the compensation of other areas (Figure 2).

This second view applies the idea of modularity not only to
simple mental functions, such as sensory detection, but also
to higher-order mental functions, such as memory formation,
language and consciousness (Sperber, 2001; Barrett and Kurzban,
2006; Carruthers, 2006), and contends that the so-called ‘final
stage’ in which the phenomenal content is processed by the
fronto-parietal system is the necessary and sufficient stage of
consciousness (Nani and Cavanna, 2012). In contrast, each
brain node would be already in itself both necessary and
sufficient for the emergence of a certain feature in the conscious
experience. In other words, the neural structures responsible
for the contents of consciousness may rely on the activity
of domain-specific modules capable of processing in parallel
different chunks of phenomenal experience. Neurological
and neuropsychological conditions provide evidence that
consciousness can be specifically impaired (Nani and Cavanna,
2012). For instance, patients with epilepsy (especially during
focal seizures) can show the selective disruption and preservation
of cognitive performances, behavioral responses, and conscious
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Global workspace theory

conscious experience depends on the
activity of a large-scale network that
integrates the information coming
from the unconscious elaboration of
different areas

Modular model
conscious experience derives from the

consciousnesses that are the result of

FIGURE 2 | Schematic representation illustrating the two main theoretical approaches to the study of consciousness.
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phenomena (Gloor, 1986, 1990; Porter, 1991). Studies on split-
brain patients highlighted subtle cognitive reorganizations in
which specific contents of consciousness are confined to one
hemisphere (Gazzaniga et al., 1963; Sperry, 1966; Teng and
Sperry, 1974). In turn, neuropsychological conditions, such
as blindsight, anosognosia, prosopagnosia, and neglect, show
that certain features of conscious experience can be selectively
damaged or abolished (Tranel and Damasio, 1985; Berti and
Rizzolatti, 1992; Bisiach, 1992; Weiskrantz, 1997). Thus, rather
than being represented in a single brain central system or global
workspace, a content of experience may become conscious in
the very neural structure that analyzes its attributes (Kanwisher,
2001). In a sense, the primary cortex would produce a set
of micro-consciousnesses specific for each sensory modality;
in turn, these micro-consciousnesses would be assembled by
the secondary cortical areas in a macro-consciousness, always
specific for each sensory modality, and, eventually, the diverse
macro-consciousnesses would be combined in a full-blown
conscious scenery (Zeki, 2007) (Figure 2).

The two approaches to the neural correlates of consciousness
have both advantages and disadvantages. As we have seen,
the model based on modularity seems to be more supported
by clinical evidence, as there are many conditions in which
consciousness appears to be variously fragmented and impaired,
in such a selective way which it makes convincing the idea
that the brain structures underlying consciousness may be
based on a modular architecture (Nani and Cavanna, 2012;
Gazzaniga, 2018). An exaggerated modular stance, however,
would lead to an unjustified proliferation of minute pieces
of consciousnesses. Since any brain processing area should

in principle produce a micro-consciousness, then we should
expect to find as many micro-consciousnesses as there are
brain processing areas. Still, some brain sites, such as the
cerebellum and the basal ganglia, do not appear to be directly
involved in building a conscious experience and, consequently,
do not produce micro-consciousnesses per se. Cerebellar agenesis
is a rare condition which is mainly associated with motor
impairment, postural and balance disturbances (Glickstein, 1994;
Velioglu et al., 1998). The absence of cerebellum or its functional
disruption can lead to deficits that are not only related to motor
processing but also to cognitive functions (Fiez et al., 1992;
Arrigoni et al., 2015; Dahlem et al., 2016). Similarly, lesions
to basal ganglia are associated with motor deficits and with
various cognitive processes (linguistic, attentional, mnestic, and
executive); in particular, their dysfunction has been related to
neurodevelopmental disorders (Riva et al., 2018). Therefore, both
cerebellum and basal ganglia seem to be fundamental for a
normal neurocognitive development (Stoodley, 2016) and for the
unconscious elaboration of certain cognitive features, but to date
there is no evidence that they are directly involved in phenomenal
conscious experience.

The modularity model runs into difficulties when it is required
to explain why the activity of certain assemblies of neurons
correlates well with conscious experience, while that of others
does not (Cavanna and Nani, 2014). What is more, at one
point all the different macro-consciousnesses eventually need to
converge and be combined in a global experience. So, the unified
conscious scenery might be dependent on the activity of large-
scale association networks, even if the various minute aspects of
the phenomenal contents are not.
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In turn, the central model based on the activity of a large-scale
fronto-parietal system seems to be capable of accounting well for
access consciousness (that is, the availability of representational
contents for use by different cognitive systems; Block, 1995) but
not for the synthesis of different percepts that one would expects
from a unitary and global scene of phenomenal consciousness.
Top-down attentional amplification is supposed to be a necessary
requirement for the conscious experience of contents, as it can
mobilize and make available to the global workspace the contents
produced by domain-specific processes (Dehaene et al., 1998). It
seems, therefore, that the fronto-parietal system is constrained
by attention to work serially rather than in parallel. This would
create a bottleneck that impedes the binding of different features
of the phenomenal world. Furthermore, the view that conscious
processing is solely supported by one system in the brain has
been criticized (Nani and Cavanna, 2012; Gazzaniga, 2018). First,
the boundaries of the fronto-parietal system are vague and it is
not exactly clear which frontal and parietal areas are effectively
parts of the system and which are not. Secondly, the exact role
of the frontal components in the fronto-parietal system is not
as yet understood (Boly et al,, 2017). There are many clinical
cases in which lesions of frontal areas have been observed without
impairment of consciousness. For instance, after brain surgery
that involved the bilateral resection of prefrontal cortical areas,
patients were observed to be fully conscious (Penifield and Jasper,
1954; Kozuch, 2014; Tononi et al., 2016). In one case, a woman
exhibited a massive bilateral prefrontal lesion, which involved the
right basal, superior, medial and lateral prefrontal cortex, and the
left medial orbitofrontal, frontopolar, and frontal gyri; however,
even though she had evident deficits in cognitive functions,
her consciousness and perceptual capacities were not affected
(Markowitsch and Kessler, 2000). It is well known that lesions
involving medial prefrontal regions, in particular those affecting
the anterior cingulate cortex, can produce akinetic mutism, a
condition in which patients still have the capacity to visually track
stimuli but are unable to respond to commands (Cairns et al.,
1941). Typically, individuals that recover from this condition
report that they lacked any motivation to respond to stimuli,
even though they were fully conscious of them (Damasio and
Van Hoesen, 1983). Furthermore, when Broca’s area is injured,
speech production is impaired, but the damage does not produce
arelative loss in conscious speech perception (Blumenfeld, 2010).
Interestingly, damage to frontal areas can slightly increase the
threshold for detecting brief (16 ms) and masked visual stimuli,
but patients are nonetheless able to perceive them (Del Cul et al.,
2009), which suggests that frontal areas might have the role of
modulating consciousness rather than directly contributing to it
(Kozuch, 2014).

Other authors, however, argue against this view (Odegaard
et al, 2017). In particular, evidence that the frontal areas
(especially the prefrontal ones) might be involved in generating
consciousness comes mostly from experiments on conscious
vision. A number of studies have highlighted that transcranial
magnetic stimulation and lesion to human prefrontal cortex
can produce impairment in many aspects of visual perception
(Turatto et al., 2004; Ruff et al., 2006; Philiastides et al., 2011;
Lee and D’Esposito, 2012; Ritzinger et al., 2012; Chiang et al,,

2014; Rahnev et al., 2016). And some neuropsychological studies
have shown that patients with unilateral lesion to the prefrontal
cortex frequently exhibit deficits in visual tasks (Barcelo and
Knight, 2002). Still, it should be observed that the deficits
reported in these clinical and experimental cases largely involve
the modulation of visual experience rather than the contents
per se. In other words, prefrontal areas seem to be responsible
for regulating the ability to detect visual targets by modulating
activity in extrastriate regions and temporoparietal cortices
(Voytek et al., 2010). Therefore, the main role of the prefrontal
components of the fronto-parietal system seems to add aspects of
cognitive relevance to contents that appear to be already formed,
so that a damage or lesion to these areas may cause disturbance
to conscious perception caused by an impairment of executive
functions and attention, but not the loss of specific contents of
subjective experience.

There is, in contrast, abundant clinical evidence that damage
to posterior brain areas can selectively disrupt consciousness.
For instance, lesions of the right fusiform face area produce
prosopagnosia, a condition in which faces cannot be recognized
(Barton and Cherkasova, 2003). We have already seen that lesions
to the inferolateral occipital cortex can cause achromatopsia
(Barton, 2011), which in severe cases is accompanied by
unawareness of the deficit (von Arx et al, 2010). In turn,
damage to the occipital cortex can cause selective blindness
as well as visual agnosia, an incapacity of identifying objects,
or simultanagnosia, an incapacity of perceiving more than one
object at a time (Farah, 2004). Loss of somatosensory percepts,
instead, are caused by lesions in postrolandic cortex, while
impairment in the comprehension of speech and prosody are
caused by damage to left and right angular gyri (George et al,,
1996). Moreover, loss of motor awareness can be produced by
lesions of the inferior parietal lobule (Sirigu et al., 2004), and
deficits in the perception of single words or whole phrases
can be produced by lesions of the left lateral temporal cortex
(Blumenfeld, 2010). So, clinical evidence strongly suggests that
temporal, parietal, and occipital areas may be considered as
‘posterior hot zones  capable of playing a direct role in the
construction and specification of the contents of phenomenal
consciousness (Boly et al., 2017).

Important questions, however, remain as yet unanswered. For
instance, how does the binding between different phenomenal
contents occur? How can the brain weave all the diverse percepts
in a unitary conscious scene? It should be noted that both
the modular model and the global workspace model do not
offer a solution to this problem. With regard to the former,
the phenomenal contents of conscious experience seem to be
processed independently of each other; with regard to the latter, a
central system must process information slowly and serially and,
as a consequence, work under the constraint of attending to each
content one at a time. But this is not what we daily experience.
In fact, we are always conscious of a variety of inputs coming
from the senses. The common idea that consciousness is a serial
processing of information cannot be correct. This is undoubtedly
true for attention, but not for consciousness, as phenomenal
contents need to be elaborated in parallel if they have to be
parts of a unitary experience. This is another distinction between
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these two brain faculties. Furthermore, we are always conscious
of a perceptual global scene within which different sensory
features seem to occur simultaneously. Therefore, the binding
performed by the brain does not only require the integration of
various perceptual elements, but also the temporal merge of these
elements. And this is another issue that needs an explanation.
Not only we are able to consciously perceive different aspects
of reality together, but we perceive them in a common temporal
framework, even though it is known that sensory perceptions are
processed at different timescales. For instance, visual information
reaches awareness in about 60 ms, while auditory information
in about 15 ms (Celesia, 1976; Lesevre, 1982; Kopinska and
Harris, 2004). There is, therefore, a temporal gap between the two
sensory modalities, but, quite astonishingly, when constructing
conscious experience of multisensory stimuli, the brain is able
to shift the perceived time of the visual component toward
that of the auditory component (Lewald and Guski, 2003).
The time of occurrence can be adjusted both when a visual
stimulus is presented before an auditory stimulus and when
the auditory stimulus is presented before a visual stimulus
(Jaekl and Harris, 2007). This temporal adjustment is crucial
for perceptual coherence and the mechanisms at its root are
fundamental for understanding consciousness. Sooner or later,
the neuroscience of consciousness will have to address these
important computational issues. This is not the place to propose a
comprehensive theory of consciousness; however, in section “The
Construction of the Conscious Experience’ we try to give some
suggestions as to how to tackle the fascinating intricacies of the
binding problem.

Neural Correlates of Attention

Processing

Over the last years, a number of fMRI and PET studies have
tried to shed light on the nature of the neural mechanisms
that underlie attention, which is defined as the capacity to
voluntarily or involuntarily give priority to some parts of the
information that is available at a given moment (Naghavi and
Nyberg, 2005). Investigations have revealed a distributed system
of brain areas that control attention by enhancing and regulating
the elaboration of specific aspects of information, and have
shown that attention correlates mostly with activation patterns in
the bilateral parietal and dorsolateral prefrontal cortices (Pessoa
et al,, 2003). In particular, areas in the frontal eye field, superior
parietal lobule and intraparietal sulcus have consistently been
found to be active in various tasks involving spatially directed
attention (Gitelman et al., 1999; Kim et al., 1999; Rosen et al.,
1999; Hopfinger et al., 2000; Beauchamp et al., 2001; Corbetta
et al., 2002). Other activations frequently observed involve the
middle and inferior frontal gyrus, inferior parietal lobule, and
anterior cingulate cortex (Naghavi and Nyberg, 2005). Activity
in the parietal and frontal areas has been reported not only for
visual attention tasks, but also in attentive tasks involving other
sensory modalities. For example, a PET study investigated brain
activations while participants were attending to spectral and
spatial features of sounds (Zatorre et al., 1999). In addition to the
bilateral activation of auditory cortex, authors reported increases
in the activity of right superior parietal, right dorsolateral frontal,

and right premotor regions. Another PET study provided further
evidence for these findings: when listeners were engaged in
auditory spatial attention tasks, a set of frontal, temporal and
parietal regions was typically activated (Lipschutz et al., 2002).

These results suggest the existence of a multimodal large-
scale attentional system capable of operating independently of
the nature of performance (be it visual, auditory, etc.), along
with additional brain areas that may be recruited according
to current task demands. Within this multimodal system, two
main attentional networks have been identified (Corbetta and
Shulman, 2002). One follows a dorsal pathway and connects the
superior parietal lobule, the intraparietal sulcus and the frontal
eye field; the other follows a ventral pathway and connects the
temporoparietal junction (which is at the intersection of the
inferior parietal lobule and the superior temporal gyrus) and the
middle and inferior frontal gyri. The former is known as the
dorsal attention network (DAN) and is mainly associated with
goal-directed stimulus-response selection. The latter is known as
the ventral attention network (VAN) and is mainly associated
with the detection of behaviorally relevant stimuli. In other
words, the DAN is supposed to regulate the top-down voluntary
deployment of attention to locations or features, while the VAN
is supposed to mediate shifts of attention when triggered by
unattended or unexpected stimuli (Figure 3). This may lead
to think that DAN supports top-down attention, while VAN
supports bottom-up attention. Still, as we are going to see, the
conceptual distinction between the two types of attention has
been questioned at the neural level, as it could not correspond
to distinct patterns of networks’ activations.

The two networks seem to be slightly asymmetric in their
functional profiles. Neuroimaging data show that the DAN has
a bilateral functional organization, whereas the VAN might be
more lateralized to the right hemisphere (Corbetta et al., 2008).
However, these results have been questioned by other studies,
which have found bilateral activations of the VAN or activations
in the left temporoparietal junction during attentional tasks

(IPL/STG)

FIGURE 3 | Lateral view of the brain showing the areas involved in the dorsal
attention network (DAN) and ventral attention network (VAN) (adapted from
Corbetta and Shulman, 2002). DAN (red): FEF, frontal eye field; SPL, superior
parietal lobule. VAN (green): IFG, inferior frontal gyrus; IPL, inferior parietal
lobule; MFG, middle frontal gyrus; STG, superior temporal gyrus; TPJ,
temporo-parietal junction.
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(Downar et al., 2000; Weidner et al., 2009; DiQuattro and Geng,
2011). Different functional activations between left and right
temporoparietal junctions were reported in a location-cueing
paradigm (i.e., Posner task): the left temporoparietal junction was
more activated in responses to both invalidly and validly cued
targets, whereas the right temporoparietal junction exhibited
stronger activations in responses to invalidly rather than validly
cued targets (Doricchi et al, 2010). Interestingly, in the two
hemispheres the temporoparietal junctions present different
patterns of structural connectivity. The right temporoparietal
junction exhibits higher connectivity with the insula, while the
left temporoparietal junction exhibits higher connectivity with
the inferior frontal gyrus (Kucyi et al., 2012). Asymmetries are
probably due to functional different patterns in the activations
of the right and left VANs, which, in turn, may derive from
different routes of anatomical connections. However, it is
important to highlight that DAN and VAN are supposed to
work in close synergy, even though they are well recognizable
and anatomically segregated cortical networks, in which certain
nodes have functional specializations for attentional control
(Vossel et al., 2014).

The two categorizations of attention (i.e., top-down and
bottom-up) can be well defined with regard to their origin of
information, but this conceptual dichotomy may not be perfectly
mirrored by distinct patterns of brain activation (Katsuki and
Constantinidis, 2014). These authors claim that, although both
types of attention can be related to different neural functions
and needs, they nonetheless rely upon the same DAN and VAN
pathways, so much so that they can simultaneously influence
and integrate other processes, such as visual and spatial search.
The same set of brain areas within the fronto-parietal network
seems to support both top-down and bottom-up attention, by
providing a priority map for selection of stimuli on the basis of
different source factors. Therefore, authors conclude that, at the
neurophysiological level, the distinction between the two types
of attention appears to be more arbitrary than real. However
that may be, we have seen that both top-down attention and
bottom-up attention can be dissociated from consciousness, and
that, taken together, imaging studies provide strong evidence
that a distributed fronto-parietal system is generally involved
in attentional tasks and may function to generate signals
(independently of their top—down or bottom-up sources) capable
of modulating activity in lower-level sensory and association
structures, which further suggests that prefrontal areas might
affect conscious experience indirectly, by engaging, disengaging
and redirecting attention, in accordance to the contingencies of
the current situation.

DISCUSSION

The Interplay of Conscious and Attention
Processing

Both psychological and neurophysiological considerations make
possible to clearly distinguish between consciousness and
attention. Although they are separate brain processes with
different functions, consciousness and attention are strictly

intertwined. While attention may be not essential for the
construction of the conscious phenomenal contents per se, it is
nonetheless fundamental for their conscious access. For instance,
visual recognition depends on attention even for highly familiar
and meaningful materials (Rees et al., 1999). This suggests that
distributed interactions between modality-specific posterior areas
and fronto-parietal regions are likely to subserve both attention
and focal awareness (Rees and Lavie, 2001).

The studies reviewed in this paper provide evidence that
attention and phenomenal consciousness involve overlapping
patterns of activity in temporal and parietal cortices. With regard
to phenomenal consciousness, these patterns of activations
have been associated with the integration of distributed
representations in multiple brain sites, which, rather than
converging to a single fronto-parietal system, seem to be
mainly localized in temporal, parietal, and occipital areas (Boly
et al, 2017). Therefore, the global neuronal workspace, in
which the phenomenal contents of experience emerge, might
be formed by the dynamics of different associative networks
in the back of the brain; these higher-order networks receive
information from sensory domain-specific areas or modules,
whose activity is the first cortical step toward the formation of
a full-blown phenomenal content. In turn, the temporo-parietal-
occipital workspace would be continuously scanned and accessed
attentively by DAN and VAN. These two attention networks can
be considered as a mental faculty representing the information
that is dominant at each moment within the brain.

According to this view, conscious experience would emerge
with the contribution of different processes, following a
precise hierarchical pathway. First, the brainstem and the
thalamocortical projections are required to maintain the state
of vigilance or alertness. This function is of fundamental
importance, as it enables all the other parts of the brain which
contribute to consciousness to operate at the same baseline.
We hypothesize that the maintenance of wakefulness may be
essential for binding different aspects of reality. It is the fact
that brain areas can process information at the same baseline
of vigilance that makes them capable of binding the various
features of this information. Sensory primary cortices begin
the construction of a specific phenomenal content through
different layers of elaboration. Then this initial processing of
what we can consider a ‘protocontent’ is distributed within the
associative networks in temporal, parietal and occipital cortices,
where it can become a full-blown conscious content. At the
root of these neural mechanisms there is a continuous mutual
exchange of information between specialized, associative and
integrative areas. This recurrent processing, which has been
proposed to be a key step in visual consciousness (Lamme,
2003, 2004), seems to be essential for building any other type
of conscious experience, as it enables a widespread diffusion of
information between brain regions processing different attributes
of the conscious scene. However, to maintain the coherence
as well as the unitary nature of the conscious scenery, we
propose that this recurrent processing may develop into a
temporal alignment of different percepts. Perceptual binding
might therefore be dependent on two neural processes: on the
one hand, the same activation baseline supported by brainstem
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and thalamocortical projections and, on the other, the temporal
adjustment of information recurrence. The temporal adjustment
is thought to be an intrinsic property of brain networks, which
are able to autonomously synchronize with each other by using
as benchmark the thalamocortical activation baseline. Changes
in short-term synaptic plasticity are supposed to be at the basis
of this dynamics that can transform brain networks in time
keepers (Buonomano and Maass, 2009). According to this view,
every cerebral area has the capacity to process and estimate time.
Overall, this mechanism would allow the construction of the
global conscious experience, as different phenomenal contents of
consciousness can be produced by synchronized neural networks
that work in parallel.

The Construction of the Conscious

Experience

As we have seen, synchronization is supposed to be a fundamental
ingredient for the construction of conscious experience. Now
the idea that at the basis of functional processing there
be a specific synchronization between different networks is
increasingly gaining interest in the field of connectivity analyses
(Lombardi et al., 2017). The dynamic interaction between brain
networks has been found to happen at different timescales
(Chang and Glover, 2010; Smith et al., 2012; Zhang et al., 2013;
Keilholz, 2014), so that it has been proposed that the functional
operations of the human brain are scale-free (Eguiluz et al,
2005; He et al,, 2010; Zhigalov et al., 2017). In virtue of the
coherence among physiological signals with different frequencies,
each temporal resolution may provide a different picture of the
same phenomenon. Furthermore, each functional network has
been found to be characterized by a specific electrophysiological
signature involving the combination of different brain rhythms
(Mantini et al., 2007). Synchronization (or the coalescence
of several neurophysiological rhythms) between large-scale
networks might therefore be an essential feature of the human
brain functional organization, whose temporal disruption may
lead to specific dysfunctions associated with brain disorders
(Uhlhaas and Singer, 2012). According to this approach, brain
networks are in an endogenous state of dynamical criticality,
which is characterized by a greater than random probability of
both long-standing intervals of phase-locking and occurrence of
great fast changes in the state of global synchrony (Kitzbichler
et al., 2009). Network hubs may play a pivotal role in regulating
and modulating the dynamics of the synchronization (Vlasov
and Bifone, 2017). In particular, the hubs defined as “connector
hubs” (i.e., hubs that can connect different networks in virtue of
their projections diversely distributed across communities) might
tune the connectivity of their neighbors to allow for appropriate
integration of information across different neural assemblies
(Bertolero et al., 2018).

In our theoretical framework, up until the stage of
synchronization, phenomenal consciousness is supposed to
develop without attention. Attention processing, which, as
we have seen, follows an independent route, would enter
this picture only afterward, when the fronto-parietal system
formed by DAN and VAN begins to focus the attentional

resources on specific contents of consciousness, giving to
them different degrees of awareness with the regulation of
their serial access and availability. Figure 4 outlines this
theoretical view. It shows that, from the neural perspective,
attention and the two main dimensions of consciousness
(wakefulness and phenomenal contents) can be defined
as essentially separate but sister processes of the brain,
with partially overlapping neural correlates within parietal
association networks.

Our proposal can be seen as a third approach to the study
of consciousness, which we propose to call the theory of
networks’ synchronization (NetSync). The NetSync theory of
consciousness tries to avoid the disadvantages of the central
and modularity models. First, it allows a parallel elaboration
of different contents of conscious experience, to which it can
attribute different degrees of awareness according to the current
focus of attention. Secondly, it puts forward a solution for
the binding problem, suggesting that the binding of different
phenomenal features may depend on two neural processes:
an activation baseline that is sustained by brainstem and
thalamocortical projections and a mechanism of temporal
alignment that is intrinsic to brain networks which process
specific contents of consciousness. Thirdly, it avoids the
unjustified proliferation of micro-consciousnesses, as it claims
that only the networks that participate in the synchronization
can contribute to the global conscious experience. Fourthly,
it can account for the dissociation between consciousness and
attention, suggesting that it occurs whenever there is a mismatch
in the synchronization between the networks underlying the
two faculties. In other words, with regard to this last point, it
seems that, according to the NetSync model, if there is not a
synchronization, because it is briefly delayed or prevented by
an experimental paradigm, between the fronto-parietal system
of attention and the temporo-parietal-occipital networks of
the contents of consciousness, then the stimulus cannot be
phenomenally perceived.

FIGURE 4 | The networks’ synchronization theory (NetSync) and
representation of the intersection (and partial overlapping) of the neural
correlates of consciousness and attention.
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Although it is possible, from a logical point of view, to
pay attention to something without any associated emotional
experience, emotional states and phenomenal consciousness
are known to influence the focus of attention as well as to
modulate the degree of responsiveness to external stimuli.
However, to include in this paper a discussion of the emotional
system and its relationship with consciousness and attention
would have largely exceeded the boundaries of the review. In
particular, we decided to not include in the discussion the
role played by the insular cortex and the salience network in
modulating consciousness and attention. The salience network,
which includes the anterior insula and dorsal anterior cingulate
cortex, is important for detection and mapping of external salient
inputs and task control (Dosenbach et al., 2007; Seeley et al.,
2007; Menon and Uddin, 2010; Uddin, 2015). It is supposed
to work in synergy with the DAN and to occupy the apex
of the hierarchical organization formed with DAN and the
default mode network (Zhou et al., 2018). In turn, the insular
cortex has been associated with the emotional modulation of
conscious experience (Craig, 2010; Seth et al, 2011). Still, it
is debated whether the insula can contribute by processing an
essential ingredient of consciousness or just an attribution, albeit
important, of a particular emotional and salient flavor to the
contents of experience. This last eventuality is supported by the
evidence that consciousness is preserved, as well as the capacity
of having feelings, after bilateral lesions of the insula (Damasio
et al., 2013). So, rather than being involved in phenomenal
consciousness (save for the gustatory cortex), the insula might
be fundamental for creating self-awareness (Modinos et al., 2009;
Manuello et al., 2018). Despite the doubts about the exact role
played by the insular cortex in conscious experience, the issue
as to whether or not emotional valence might be a necessary
varnish to the contents of consciousness and, more generally, to
the contents of thought, is an open and intriguing question for
future research.

CONCLUSION
The conceptual and psychological distinction between
consciousness and attention is also reflected at the

neurophysiological level. Consciousness and attention are
distinct and separate, albeit strictly intertwined, processes going
on in the brain. They have different functions as well as different
neural correlates. Consciousness has the function of creating

REFERENCES

Alvarez, G. A., and Oliva, A. (2008). The representation of simple ensemble visual
features outside the focus of attention. Psychol. Sci. 19, 392-398. doi: 10.1111/].
1467-9280.2008.02098.x

Alvarez, G. A., and Oliva, A. (2009). Spatial ensemble statistics are efficient codes
that can be represented with reduced attention. Proc. Natl. Acad. Sci. U.S.A. 106,
7345-7350. doi: 10.1073/pnas.0808981106

Ansorge, U., and Neumann, O. (2005). Intentions determine the effect of
invisible metacontrast-masked primes: evidence for top-down contingencies in
a peripheral cuing task. J. Exp. Psychol. Hum. Percept. Perform. 31, 762-777.
doi: 10.1037/0096-1523.31.4.762

a continuous and coherent picture of reality, while attention
has the function of attributing relevance to the objects of
thought. Consciousness develops along two dimensions, that of
wakefulness and that of contents. It can also be conceptually
distinguished between phenomenal consciousness (how the
world appears to us) and access consciousness (when contents
are more or less vivid, intense, and available for focal awareness).

The neural correlates of consciousness are generated by the
synchronous activity of sensory and associative networks in
the temporal, occipital, and parietal cortices, which elaborate
information of specific features of conscious experience. We
propose that all these features are bound together in virtue of
the temporal alignment of multiple networks, which uses as
benchmark the thalamocortical activation baseline. The neural
correlates of attention are generated by a fronto-parietal system,
within which two main networks can be recognized, the DAN on
the one hand, and the VAN on the other. Both neural correlates
partially overlap each other in the parietal association networks.
In case of mismatch in the synchronization between the networks
subserving consciousness and attention, dissociation between
these two processes can occur.

Still, even though distinct and separate, each brain process
serves the other. Thanks to the role of attention, that incessantly
patrols the vast landscape of mental contents, phenomenal
consciousness can acquire cognitive relevance. Thanks to the
role of consciousness, that creates a consistent scenery of the
world, attention can provide focal awareness and make richer our
experience. Both are vital brain faculties, and their entanglement
is at the core of what it is like to be a human being.

AUTHOR CONTRIBUTIONS

AN conceived the idea, drafted and revised the manuscript.
JM worked on illustrations and revised the manuscript. LM
worked on illustrations and revised the manuscript. DL worked
on bibliography and revised the manuscript. TC and FC
revised the manuscript.

FUNDING

This work was supported by the Fondazione Carlo Molo and
Fondazione Sanpaolo (FC, PI), Turin.

Arrigoni, F., Romaniello, R., Nordio, A., Gagliardi, C., and Borgatti, R. (2015).
Learning to live without the cerebellum. Neuroreport 26, 809-813. doi: 10.1097/
wnr.0000000000000428

Baars, B. J. (1997). In the Theater of Consciousness: The Workspace of the Mind.
New York, NY: Oxford University Press.

Bahrami, B., Carmel, D., Walsh, V., Rees, G. and Lavie,
N. (2008a). Spatial attention can modulate unconscious
orientation  processing.  Perception 37, 1520-1528. doi: 10.1068/p
5999

Bahrami, B., Carmel, D., Walsh, V., Rees, G., and Lavie, N. (2008b). Unconscious
orientation processing depends on perceptual load. J. Vis. 8, 12.1-10. doi: 10.
1167/8.3.12

Frontiers in Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 1169


https://doi.org/10.1111/j.1467-9280.2008.02098.x
https://doi.org/10.1111/j.1467-9280.2008.02098.x
https://doi.org/10.1073/pnas.0808981106
https://doi.org/10.1037/0096-1523.31.4.762
https://doi.org/10.1097/wnr.0000000000000428
https://doi.org/10.1097/wnr.0000000000000428
https://doi.org/10.1068/p5999
https://doi.org/10.1068/p5999
https://doi.org/10.1167/8.3.12
https://doi.org/10.1167/8.3.12
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Nani et al.

Dissociation Between Consciousness and Attention

Barcelo, F., and Knight, R. T. (2002). Both random and perseverative errors
underlie WCST deficits in prefrontal patients. Neuropsychologia 40, 349-356.
doi: 10.1016/s0028-3932(01)00110-5

Barrett, H. C., and Kurzban, R. (2006). Modularity in cognition: framing the debate.
Psychol. Rev. 113, 628-647. doi: 10.1037/0033-295x.113.3.628

Barton, J. J. (2011). “Disorders of higher visual processing,” in Handbook of Clinical
Neurology, eds C. Kennard and R. J. Leigh (Amsterdam: Elsevier), 223-261.
doi: 10.1016/b978-0-444-52903-9.00015-7

Barton, J. J., and Cherkasova, M. (2003). Face imagery and its relation to perception
and covert recognition in prosopagnosia. Neurology 61, 220-225. doi: 10.1212/
01.wnl.0000071229.11658.£8

Bauer, F., Cheadle, S. W., Parton, A., Muller, H. J., and Usher, M. (2009). Gamma
flicker triggers attentional selection without awareness. Proc. Natl. Acad. Sci.
U.S.A. 106, 1666-1671. doi: 10.1073/pnas.0810496106

Beauchamp, M. S., Petit, L., Ellmore, T. M., Ingeholm, J., and Haxby, J. V. (2001).
A parametric fMRI study of overt and covert shifts of visuospatial attention.
Neuroimage 14, 310-321. doi: 10.1006/nimg.2001.0788

Berti, A., and Rizzolatti, G. (1992). Visual processing without awareness: evidence
from unilateral neglect. J. Cogn. Neurosci. 4, 345-351. doi: 10.1162/jocn.1992.4.
4.345

Bertolero, M. A., Yeo, B. T. T., Bassett, D. S., and D’Esposito, M. (2018). A
mechanistic model of connector hubs, modularity and cognition. Nat. Hum.
Behav. 2, 765-777. doi: 10.1038/s41562-018-0420-6

Bisiach, E. (1992). “Understanding consciousness: Clues from unilateral neglect
and related disorders,” in The Neuropsychology of Consciousness, ed. A. Milner
(London: Academic Press), 113-137. doi: 10.1016/b978-0-12-498045-7.50
011-6

Biswal, B. B. (2012). Resting state fMRI: a personal history. Neuroimage 62,
938-944. doi: 10.1016/j.neuroimage.2012.01.090

Block, N. (1995). On a confusion about a function of consciousness. Behav. Brain
Sci. 18, 227-247. doi: 10.1017/s0140525x00038188

Block, N. (2007). Consciousness, accessibility,
psychology and neuroscience. Behav.
10.1017/s0140525x07002786

Blumenfeld, H. (2010). Neuroanatomy Through Clinical Cases. Sunderland:
Sinauer.

Boly, M., Massimini, M., Tsuchiya, N., Postle, B. R,, Koch, C., and Tononi, G.
(2017). Are the neural correlates of consciousness in the front or in the back
of the cerebral cortex? Clinical and neuroimaging evidence. J. Neurosci. 37,
9603-9613. doi: 10.1523/jneurosci.3218-16.2017

Bor, D., and Seth, A. K. (2012). Consciousness and the prefrontal parietal network:
insights from attention, working memory, and chunking. Front. Psychol. 3:63.
doi: 10.3389/fpsyg.2012.00063

Braun, J., and Julesz, B. (1998). Withdrawing attention at little or no cost:
detection and discrimination tasks. Percept. Psychophys. 60, 1-23. doi: 10.3758/
bf03211915

Braun, J., and Sagi, D. (1990). Vision outside the focus of attention. Percept.
Psychophys. 48, 45-58. doi: 10.3758/bf03205010

Buonomano, D. V., and Maass, W. (2009). State-dependent computations:
spatiotemporal processing in cortical networks. Nat. Rev. Neurosci. 10, 113-125.
doi: 10.1038/nrn2558

Cairns, H., Oldfield, R. C., Pennybacker, ]. B., and Whitteridge, D. (1941). Akinetic
mutism with an epidermoid cyst of the 3rd ventricle. Brain 64, 273-290. doi:
10.1093/brain/64.4.273

Carruthers, P. (2006). The Architecture of the Mind. Oxford: Oxford University
Press.

Cauda, F., Nani, A., Liloia, D., Manuello, J., Premi, E., Duca, S., et al. (2019).
Addressing reverse inference in structural brain alterations. bioRxiv doi: 10.
1101/536847 [Preprint].

Cavanna, A. E. (2007). The precuneus and consciousness. CNS Spectr. 12, 545-552.
doi: 10.1017/s1092852900021295

Cavanna, A. E. (2008). “Seizures and consciousness,” in Behavioral Aspects of
Epilepsy: Principles and Practice, eds S. C. Schachter, G. Holmes, and D.
Kasteleijn-Nolst Trenite (New York, NY: Demos), 99-104.

Cavanna, A. E., and Nani, A. (2014). Consciousness: Theories in Neuroscience and
Philosophy of Mind. Berlin: Springer.

Cavanna, A. E., Nani, A., Blumenfeld, H., and Laureys, S. (2013). Neuroimaging of
Consciousness. Berlin: Springer.

and the mesh between

Brain. Sci. 30, 481-499. doi:

Cavanna, A. E., and Trimble, M. R. (2006). The precuneus: a review of its functional
anatomy and behavioural correlates. Brain 129(Pt 3), 564-583. doi: 10.1093/
brain/awl004

Celeghin, A., de Gelder, B., and Tamietto, M. (2015). From affective blindsight to
emotional consciousness. Conscious. Cogn. 36, 414-425. doi: 10.1016/j.concog.
2015.05.007

Celesia, G. G. (1976). Organization of auditory cortical areas in man. Brain 99,
403-414. doi: 10.1093/brain/99.3.403

Chang, C., and Glover, G. H. (2010). Time-frequency dynamics of resting-state
brain connectivity measured with fMRI. Neuroimage 50, 81-98. doi: 10.1016/
j-neuroimage.2009.12.011

Chiang, T. C, Lu, R. B, Hsieh, S, Chang, Y. H, and Yang, Y. K.
(2014). Stimulation in the dorsolateral prefrontal cortex changes subjective
evaluation of percepts. PLoS One 9:¢106943. doi: 10.1371/journal.pone.010
6943

Clark, V. P. (2012). A history of randomized task designs in fMRI. Neuroimage 62,
1190-1194. doi: 10.1016/j.neuroimage.2012.01.010

Corbetta, M., Kincade, J. M., and Shulman, G. L. (2002). Neural systems for visual
orienting and their relationships to spatial working memory. J. Cogn. Neurosci.
14, 508-523. doi: 10.1162/089892902317362029

Corbetta, M., Patel, G., and Shulman, G. L. (2008). The reorienting system of
the human brain: from environment to theory of mind. Neuron 58, 306-324.
doi: 10.1016/j.neuron.2008.04.017

Corbetta, M., and Shulman, G. L. (2002). Control of goal-directed and stimulus-
driven attention in the brain. Nat. Rev. Neurosci. 3, 201-215. doi: 10.1038/
nrn755

Cowey, A., and Heywood, C. A. (1997). Cerebral achromatopsia: colour blindness
despite wavelength processing. Trends Cogn. Sci. 1, 133-139. doi: 10.1016/
$1364-6613(97)01043-7

Craig, A. D. (2010). The sentient self. Brain Struct. Funct. 214, 563-577. doi:
10.1007/500429-010-0248-y

Crick, F., and Koch, C. (1990). Towards a neurobiological theory of consciousness.
Semin. Neurosci. 2, 263-275.

Dahlem, K., Valko, Y., Schmahmann, J. D., and Lewis, R. F. (2016). Cerebellar
contributions to self-motion perception: evidence from patients with congenital
cerebellar agenesis. J. Neurophysiol. 115, 2280-2285. doi: 10.1152/jn.00763.
2015

Damasio, A., Damasio, H., and Tranel, D. (2013). Persistence of feelings and
sentience after bilateral damage of the insula. Cereb. Cortex 23, 833-846. doi:
10.1093/cercor/bhs077

Damasio, A., and Van Hoesen, G. W. (1983). “Focal lesions of the limbic lobe,” in
Neuropsychology of Human Emotion, eds K. Hellman, and P. Satz (New York,
NY: Guilford).

Damasio, A. R. (1999). The Feeling of What Happens: Body and Emotion in the
Making of Consciousness. London: Heinemann.

Dehaene, S., and Changeux, J. P. (2011). Experimental and theoretical approaches
to conscious processing. Neuron 70, 200-227. doi: 10.1016/j.neuron.2011.
03.018

Dehaene, S., Changeux, J. P., Naccache, L., Sackur, J., and Sergent, C. (2006).
Conscious, preconscious, and subliminal processing: a testable taxonomy.
Trends Cogn. Sci. 10, 204-211. doi: 10.1016/j.tics.2006.03.007

Dehaene, S., Kerszberg, M., and Changeux, J. P. (1998). A neuronal model of a
global workspace in effortful cognitive tasks. Proc. Natl. Acad. Sci. U.S.A. 95,
14529-14534. doi: 10.1073/pnas.95.24.14529

Dehaene, S., and Naccache, L. (2001). Towards a cognitive neuroscience of
consciousness: basic evidence and a workspace framework. Cognition 79, 1-37.
doi: 10.1016/s0010-0277(00)00123-2

Del Cul, A., Dehaene, S., Reyes, P., Bravo, E., and Slachevsky, A. (2009). Causal role
of prefrontal cortex in the threshold for access to consciousness. Brain 132(Pt
9), 2531-2540. doi: 10.1093/brain/awp111

Di Lollo, V., Enns, J. T., and Rensink, R. A. (2000). Competition for consciousness
among visual events: the psychophysics of reentrant visual processes. J. Exp.
Psychol. Gen. 129, 481-507. doi: 10.1037//0096-3445.129.4.481

DiQuattro, N. E., and Geng, J. J. (2011). Contextual knowledge configures
attentional control networks. J. Neurosci. 31, 18026-18035. doi: 10.1523/
jneurosci.4040-11.2011

Doricchi, F., Macci, E., Silvetti, M., and Macaluso, E. (2010). Neural correlates of
the spatial and expectancy components of endogenous and stimulus-driven

Frontiers in Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 1169


https://doi.org/10.1016/s0028-3932(01)00110-5
https://doi.org/10.1037/0033-295x.113.3.628
https://doi.org/10.1016/b978-0-444-52903-9.00015-7
https://doi.org/10.1212/01.wnl.0000071229.11658.f8
https://doi.org/10.1212/01.wnl.0000071229.11658.f8
https://doi.org/10.1073/pnas.0810496106
https://doi.org/10.1006/nimg.2001.0788
https://doi.org/10.1162/jocn.1992.4.4.345
https://doi.org/10.1162/jocn.1992.4.4.345
https://doi.org/10.1038/s41562-018-0420-6
https://doi.org/10.1016/b978-0-12-498045-7.50011-6
https://doi.org/10.1016/b978-0-12-498045-7.50011-6
https://doi.org/10.1016/j.neuroimage.2012.01.090
https://doi.org/10.1017/s0140525x00038188
https://doi.org/10.1017/s0140525x07002786
https://doi.org/10.1017/s0140525x07002786
https://doi.org/10.1523/jneurosci.3218-16.2017
https://doi.org/10.3389/fpsyg.2012.00063
https://doi.org/10.3758/bf03211915
https://doi.org/10.3758/bf03211915
https://doi.org/10.3758/bf03205010
https://doi.org/10.1038/nrn2558
https://doi.org/10.1093/brain/64.4.273
https://doi.org/10.1093/brain/64.4.273
https://doi.org/10.1101/536847
https://doi.org/10.1101/536847
https://doi.org/10.1017/s1092852900021295
https://doi.org/10.1093/brain/awl004
https://doi.org/10.1093/brain/awl004
https://doi.org/10.1016/j.concog.2015.05.007
https://doi.org/10.1016/j.concog.2015.05.007
https://doi.org/10.1093/brain/99.3.403
https://doi.org/10.1016/j.neuroimage.2009.12.011
https://doi.org/10.1016/j.neuroimage.2009.12.011
https://doi.org/10.1371/journal.pone.0106943
https://doi.org/10.1371/journal.pone.0106943
https://doi.org/10.1016/j.neuroimage.2012.01.010
https://doi.org/10.1162/089892902317362029
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1038/nrn755
https://doi.org/10.1038/nrn755
https://doi.org/10.1016/s1364-6613(97)01043-7
https://doi.org/10.1016/s1364-6613(97)01043-7
https://doi.org/10.1007/s00429-010-0248-y
https://doi.org/10.1007/s00429-010-0248-y
https://doi.org/10.1152/jn.00763.2015
https://doi.org/10.1152/jn.00763.2015
https://doi.org/10.1093/cercor/bhs077
https://doi.org/10.1093/cercor/bhs077
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.neuron.2011.03.018
https://doi.org/10.1016/j.tics.2006.03.007
https://doi.org/10.1073/pnas.95.24.14529
https://doi.org/10.1016/s0010-0277(00)00123-2
https://doi.org/10.1093/brain/awp111
https://doi.org/10.1037//0096-3445.129.4.481
https://doi.org/10.1523/jneurosci.4040-11.2011
https://doi.org/10.1523/jneurosci.4040-11.2011
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Nani et al.

Dissociation Between Consciousness and Attention

orienting of attention in the Posner task. Cereb. Cortex 20, 1574-1585. doi:
10.1093/cercor/bhp215

Dosenbach, N. U.,, Fair, D. A, Miezin, F. M., Cohen, A. L., Wenger, K. K,,
Dosenbach, R. A., et al. (2007). Distinct brain networks for adaptive and stable
task control in humans. Proc. Natl. Acad. Sci. U.S.A. 104, 11073-11078. doi:
10.1073/pnas.0704320104

Downar, J., Crawley, A. P., Mikulis, D. J., and Davis, K. D. (2000). A multimodal
cortical network for the detection of changes in the sensory environment. Nat.
Neurosci. 3, 277-283. doi: 10.1038/72991

Edelman, G. M., and Tononi, G. (2000). A Universe of Consciousness. How Matter
Becomes Consciousness. New York, NY: Basic Books.

Eguiluz, V. M., Chialvo, D. R, Cecchi, G. A., Baliki, M., and Apkarian, A. V.
(2005). Scale-free brain functional networks. Phys. Rev. Lett. 94:018102. doi:
10.1103/PhysRevLett.94.018102

Engel, A. K., and Singer, W. (2001). Temporal binding and the neural correlates
of sensory awareness. Trends Cogn. Sci. 5, 16-25. doi: 10.1016/s1364-6613(00)
01568-0

Farah, M. J. (2004). Visual Agnosia. Cambridge, MA: MIT.

Fiez, ]. A., Petersen, S. E., Cheney, M. K., and Raichle, M. E. (1992). Impaired non-
motor learning and error detection associated with cerebellar damage. A single
case study. Brain 115(Pt 1), 155-178. doi: 10.1093/brain/115.1.155

Finkbeiner, M., and Palermo, R. (2009). The role of spatial attention in
nonconscious processing: a comparison of face and nonface stimuli. Psychol.
Sci. 20, 42-51. doi: 10.1111/j.1467-9280.2008.02256.x

Gazzaniga, M. S. (2018). The Consciousness Instinct: Unraveling the Mystery of How
the Brain Makes the Mind. New York, NY: Farrar, Straus and Giroux.

Gazzaniga, M. S., Bogen, J. E,, and Sperry, R. W. (1963). Laterality effects in
somesthesis following cerebral commissurotomy in man. Neuropsychologia 1,
209-215. doi: 10.1016/0028-3932(63)90016-2

George, M. S., Parekh, P. I, Rosinsky, N., Ketter, T. A., Kimbrell, T. A,
Heilman, K. M., et al. (1996). Understanding emotional prosody activates right
hemisphere regions. Arch. Neurol. 53, 665-670. doi: 10.1001/archneur.1996.
00550070103017

Gitelman, D. R., Nobre, A. C., Parrish, T. B., LaBar, K. S., Kim, Y. H., Meyer,
J. R, etal. (1999). A large-scale distributed network for covert spatial attention:
further anatomical delineation based on stringent behavioural and cognitive
controls. Brain 122(Pt 6), 1093-1106. doi: 10.1093/brain/122.6.1093

Glickstein, M. (1994). Cerebellar agenesis. Brain 117, 1209-1212. doi: 10.1093/
brain/117.5.1209

Gloor, P. (1986). Consciousness as a neurological concept in epileptology: a critical
review. Epilepsia 27(Suppl. 2), S14-S26. doi: 10.1111/j.1528-1157.1986.tb0
5737.x

Gloor, P. (1990). Experiential phenomena of temporal lobe epilepsy. Facts and
hypotheses. Brain 113(Pt 6), 1673-1694. doi: 10.1093/brain/113.6.1673

Haladjian, H. H., and Montemayor, C. (2015). On the evolution of conscious
attention. Psychon. Bull. Rev. 22, 595-613. doi: 10.3758/s13423-014-0718-y

Haladjian, H. H., and Montemayor, C. (2016). Artificial consciousness and the
consciousness-attention dissociation. Conscious. Cogn. 45, 210-225. doi: 10.
1016/j.concog.2016.08.011

He, B. J., Zempel, J. M., Snyder, A. Z., and Raichle, M. E. (2010). The temporal
structures and functional significance of scale-free brain activity. Neuron 66,
353-369. doi: 10.1016/j.neuron.2010.04.020

He, S., Cavanagh, P., and Intriligator, J. (1996). Attentional resolution and the locus
of visual awareness. Nature 383, 334-337. doi: 10.1038/383334a0

Herrero, M. T., Barcia, C., and Navarro, J. M. (2002). Functional anatomy of
thalamus and basal ganglia. Childs Nerv. Syst. 18, 386-404. doi: 10.1007/s00381-
002-0604- 1

Hopfinger, J. B., Buonocore, M. H., and Mangun, G. R. (2000). The neural
mechanisms of top-down attentional control. Nat. Neurosci. 3, 284-291. doi:
10.1038/72999

Hughes, J. R. (2007). A review of sleepwalking (somnambulism): the enigma of
neurophysiology and polysomnography with differential diagnosis of complex
partial seizures. Epilepsy Behav. 11, 483-491. doi: 10.1016/j.yebeh.2007.08.013

Huntsman, M. M., Porcello, D. M., Homanics, G. E., DeLorey, T. M., and
Huguenard, J. R. (1999). Reciprocal inhibitory connections and network
synchrony in the mammalian thalamus. Science 283, 541-543. doi: 10.1126/
science.283.5401.541

Jaekl, P. M., and Harris, L. R. (2007). Auditory-visual temporal integration
measured by shifts in perceived temporal location. Neurosci. Lett. 417,219-224.
doi: 10.1016/j.neulet.2007.02.029

James, W. (1890). Principles of Psychology. New York, NY: Henry Holt.

Jiang, Y., Costello, P., Fang, F., Huang, M., and He, S. (2006). A gender- and sexual
orientation-dependent spatial attentional effect of invisible images. Proc. Natl.
Acad. Sci. U.S.A. 103, 17048-17052. doi: 10.1073/pnas.0605678103

Johanson, M., Revonsuo, A., Chaplin, J., and Wedlund, J. E. (2003). Level and
contents of consciousness in connection with partial epileptic seizures. Epilepsy
Behav. 4, 279-285. doi: 10.1016/s1525-5050(03)00106-9

Jones, E. G. (2001). The thalamic matrix and thalamocortical synchrony. Trends
Neurosci. 24, 595-601. doi: 10.1016/s0166-2236(00)01922-6

Jones, E. G. (2002). Thalamic circuitry and thalamocortical synchrony. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 357, 1659-1673. doi: 10.1098/rstb.2002.1168

Jones, E. G. (2009). Synchrony in the interconnected circuitry of the thalamus and
cerebral cortex. Ann. N. Y. Acad. Sci. 1157, 10-23. doi: 10.1111/j.1749-6632.
2009.04534.x

Kanai, R., Tsuchiya, N., and Verstraten, F. A. (2006). The scope and limits of top-
down attention in unconscious visual processing. Curr. Biol. 16, 2332-2336.
doi: 10.1016/j.cub.2006.10.001

Kanwisher, N. (2001). Neural events and perceptual awareness. Cognition 79,
89-113. doi: 10.1016/s0010-0277(00)00125-6

Katsuki, F., and Constantinidis, C. (2014). Bottom-up and top-down attention:
different processes and overlapping neural systems. Neuroscientist 20, 509-521.
doi: 10.1177/1073858413514136

Keilholz, S. D. (2014). The neural basis of time-varying resting-state functional
connectivity. Brain Connect. 4, 769-779. doi: 10.1089/brain.2014.0250

Kentridge, R. W., Heywood, C. A., and Weiskrantz, L. (2004). Spatial attention
speeds discrimination without awareness in blindsight. Neuropsychologia 42,
831-835. doi: 10.1016/j.neuropsychologia.2003.11.001

Kentridge, R. W., Nijboer, T. C., and Heywood, C. A. (2008). Attended but unseen:
visual attention is not sufficient for visual awareness. Neuropsychologia 46,
864-869. doi: 10.1016/j.neuropsychologia.2007.11.036

Kiefer, M., and Brendel, D. (2006). Attentional modulation of unconscious

processes: evidence from event-related potentials in a
masked priming paradigm. J. Cogn. Neurosci. 18, 184-198. doi:
10.1162/089892906775783688

Kim, Y. H., Gitelman, D. R, Nobre, A. C,, Parrish, T. B., LaBar, K. S., and Mesulam,
M. M. (1999). The large-scale neural network for spatial attention displays
multifunctional overlap but differential asymmetry. Neuroimage 9, 269-277.
doi: 10.1006/nimg.1999.0408

Kitzbichler, M. G., Smith, M. L., Christensen, S. R., and Bullmore, E. (2009).
Broadband criticality of human brain network synchronization. PLoS Comput.
Biol. 5:e1000314. doi: 10.1371/journal.pcbi.1000314

Koch, C. (2006). The Quest for Consciousness: A Neurobiological Approach.
New York, NY: W. H. Freeman.

Koch, C., and Crick, F. (2001). The zombie within. Nature 411:893. doi: 10.1038/
35082161

Koch, C., and Tsuchiya, N. (2007). Attention and consciousness: two distinct brain
processes. Trends Cogn. Sci. 11, 16-22. doi: 10.1016/j.tics.2006.10.012

Kopinska, A., and Harris, L. R. (2004). Simultaneity constancy. Perception 33,
1049-1060. doi: 10.1068/p5169

Kozuch, B. (2014). Prefrontal lesion evidence against higher-order theories of
consciousness. Philos. Stud. 167, 721-746. doi: 10.1016/j.tics.2011.05.009

Kucyi, A., Moayedi, M., Weissman-Fogel, 1., Hodaie, M., and Davis, K. D. (2012).
Hemispheric asymmetry in white matter connectivity of the temporoparietal
junction with the insula and prefrontal cortex. PLoS One 7:€35589. doi: 10.1371/
journal.pone.0035589

Lamme, V. A. (2003). Why visual attention and awareness are different. Trends
Cogn. Sci. 7,12-18. doi: 10.1016/s1364-6613(02)00013-x

Lamme, V. A. (2004). Separate neural definitions of visual consciousness and
visual attention; a case for phenomenal awareness. Neural. Netw. 17, 861-872.
doi: 10.1016/j.neunet.2004.02.005

Lamme, V. A. (2006). Towards a true neural stance on consciousness. Trends Cogn.
Sci. 10, 494-501. doi: 10.1016/j.tics.2006.09.001

Lamme, V. A. (2010). How neuroscience will change our view on consciousness.
Cogn. Neurosci. 1,204-220. doi: 10.1080/17588921003731586

"automatic"

Frontiers in Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 1169


https://doi.org/10.1093/cercor/bhp215
https://doi.org/10.1093/cercor/bhp215
https://doi.org/10.1073/pnas.0704320104
https://doi.org/10.1073/pnas.0704320104
https://doi.org/10.1038/72991
https://doi.org/10.1103/PhysRevLett.94.018102
https://doi.org/10.1103/PhysRevLett.94.018102
https://doi.org/10.1016/s1364-6613(00)01568-0
https://doi.org/10.1016/s1364-6613(00)01568-0
https://doi.org/10.1093/brain/115.1.155
https://doi.org/10.1111/j.1467-9280.2008.02256.x
https://doi.org/10.1016/0028-3932(63)90016-2
https://doi.org/10.1001/archneur.1996.00550070103017
https://doi.org/10.1001/archneur.1996.00550070103017
https://doi.org/10.1093/brain/122.6.1093
https://doi.org/10.1093/brain/117.5.1209
https://doi.org/10.1093/brain/117.5.1209
https://doi.org/10.1111/j.1528-1157.1986.tb05737.x
https://doi.org/10.1111/j.1528-1157.1986.tb05737.x
https://doi.org/10.1093/brain/113.6.1673
https://doi.org/10.3758/s13423-014-0718-y
https://doi.org/10.1016/j.concog.2016.08.011
https://doi.org/10.1016/j.concog.2016.08.011
https://doi.org/10.1016/j.neuron.2010.04.020
https://doi.org/10.1038/383334a0
https://doi.org/10.1007/s00381-002-0604-1
https://doi.org/10.1007/s00381-002-0604-1
https://doi.org/10.1038/72999
https://doi.org/10.1038/72999
https://doi.org/10.1016/j.yebeh.2007.08.013
https://doi.org/10.1126/science.283.5401.541
https://doi.org/10.1126/science.283.5401.541
https://doi.org/10.1016/j.neulet.2007.02.029
https://doi.org/10.1073/pnas.0605678103
https://doi.org/10.1016/s1525-5050(03)00106-9
https://doi.org/10.1016/s0166-2236(00)01922-6
https://doi.org/10.1098/rstb.2002.1168
https://doi.org/10.1111/j.1749-6632.2009.04534.x
https://doi.org/10.1111/j.1749-6632.2009.04534.x
https://doi.org/10.1016/j.cub.2006.10.001
https://doi.org/10.1016/s0010-0277(00)00125-6
https://doi.org/10.1177/1073858413514136
https://doi.org/10.1089/brain.2014.0250
https://doi.org/10.1016/j.neuropsychologia.2003.11.001
https://doi.org/10.1016/j.neuropsychologia.2007.11.036
https://doi.org/10.1162/089892906775783688
https://doi.org/10.1162/089892906775783688
https://doi.org/10.1006/nimg.1999.0408
https://doi.org/10.1371/journal.pcbi.1000314
https://doi.org/10.1038/35082161
https://doi.org/10.1038/35082161
https://doi.org/10.1016/j.tics.2006.10.012
https://doi.org/10.1068/p5169
https://doi.org/10.1016/j.tics.2011.05.009
https://doi.org/10.1371/journal.pone.0035589
https://doi.org/10.1371/journal.pone.0035589
https://doi.org/10.1016/s1364-6613(02)00013-x
https://doi.org/10.1016/j.neunet.2004.02.005
https://doi.org/10.1016/j.tics.2006.09.001
https://doi.org/10.1080/17588921003731586
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Nani et al.

Dissociation Between Consciousness and Attention

Larson, A. M., and Loschky, L. C. (2009). The contributions of central versus
peripheral vision to scene gist recognition. J. Vis. 9, 6.1-16. doi: 10.1167/9.10.6

Lee, T. G., and D’Esposito, M. (2012). The dynamic nature of top-down signals
originating from prefrontal cortex: a combined fMRI-TMS study. J. Neurosci.
32, 15458-15466. doi: 10.1523/jneurosci.0627-12.2012

Lesevre, N. (1982). Chronotopographical analysis of the human evoked potential
in relation to the visual field (data from normal individuals and hemianopic
patients). Ann. N. Y. Acad. Sci. 388, 156-182. doi: 10.1111/j.1749-6632.1982.
tb50790.x

Lewald, J., and Guski, R. (2003). Cross-modal perceptual integration of spatially
and temporally disparate auditory and visual stimuli. Brain Res. Cogn. Brain
Res. 16, 468-478. doi: 10.1016/50926-6410(03)00074-0

Li, F. F,, VanRullen, R., Koch, C., and Perona, P. (2002). Rapid natural scene
categorization in the near absence of attention. Proc. Natl. Acad. Sci. U.S.A. 99,
9596-9601. doi: 10.1073/pnas.092277599

Lin, J. Y., Franconeri, S., and Enns, J. T. (2008). Objects on a collision path with the
observer demand attention. Psychol. Sci. 19, 686-692. doi: 10.1111/j.1467-9280.
2008.02143.x

Lin, J. Y., Murray, S. O., and Boynton, G. M. (2009). Capture of attention to
threatening stimuli without perceptual awareness. Curr. Biol. 19, 1118-1122.
doi: 10.1016/j.cub.2009.05.021

Lipschutz, B., Kolinsky, R., Damhaut, P., Wikler, D., and Goldman, S. (2002).
Attention-dependent changes of activation and connectivity in dichotic
listening. Neuroimage 17, 643-656. doi: 10.1016/s1053-8119(02)91184-5

Llinas, R., Ribary, U., Contreras, D., and Pedroarena, C. (1998). The neuronal
basis for consciousness. Philos. Trans. R. Soc. Lond. B Biol. Sci. 353, 1841-1849.
doi: 10.1098/rstb.1998.0336

Llinas, R. R, Ribary, U., Jeanmonod, D., Kronberg, E., and Mitra, P. P. (1999).
Thalamocortical dysrhythmia: a neurological and neuropsychiatric syndrome
characterized by magnetoencephalography. Proc. Natl. Acad. Sci. U.S.A. 96,
15222-15227. doi: 10.1073/pnas.96.26.15222

Logothetis, N. K., and Wandell, B. A. (2004). Interpreting the BOLD signal. Annu.
Rev. Physiol. 66, 735-769. doi: 10.1146/annurev.physiol.66.082602.092845

Lombardi, A., Tangaro, S., Bellotti, R., Bertolino, A., Blasi, G., Pergola, G., et al.
(2017). A novel synchronization-based approach for functional connectivity
analysis. Complexity 2017:7190758.

Mack, A., and Rock, I. (1998). Inattentional Blindness. Cambridge, MA: MIT press.

Mantini, D., Perrucci, M. G., Del Gratta, C., Romani, G. L., and Corbetta, M. (2007).
Electrophysiological signatures of resting state networks in the human brain.
Proc. Natl. Acad. Sci. U.S.A. 104, 13170-13175. doi: 10.1073/pnas.0700668104

Manuello, J., Nani, A., and Cauda, F. (2018). “Attention, Salience, and self-
awareness: The role of insula in meditation,” in Island of Reil (Insula) in the
Human Brain, eds M. Turgut, C. Yurttas, and R. Shane Tubbs (Berlin: Springer
Verlag), 213-221. doi: 10.1007/978-3-319-75468-0_25

Manuello, J., Vercelli, U., Nani, A., Costa, T., and Cauda, F. (2016). Mindfulness
meditation and consciousness: an integrative neuroscientific perspective.
Conscious. Cogn. 40, 67-78. doi: 10.1016/j.concog.2015.12.005

Markowitsch, H. J., and Kessler, J. (2000). Massive impairment in executive
functions with partial preservation of other cognitive functions: the case of a
young patient with severe degeneration of the prefrontal cortex. Exp. Brain Res.
133, 94-102. doi: 10.1007/s002210000404

McCormick, P. A. (1997). Orienting attention without awareness. J. Exp. Psychol.
Hum. Percept. Perform. 23, 168-180. doi: 10.1037//0096-1523.23.1.168

Melcher, D., Papathomas, T. V., and Vidnyanszky, Z. (2005). Implicit attentional
selection of bound visual features. Neuron 46, 723-729. doi: 10.1016/j.neuron.
2005.04.023

Melloni, L., Molina, C., Pena, M., Torres, D., Singer, W., and Rodriguez, E.
(2007). Synchronization of neural activity across cortical areas correlates with
conscious perception. J. Neurosci. 27, 2858-2865. doi: 10.1523/jneurosci.4623-
06.2007

Menon, V., and Uddin, L. Q. (2010). Saliency, switching, attention and control:
a network model of insula function. Brain Struct. Funct. 214, 655-667. doi:
10.1007/s00429-010-0262-0

Meteyard, L., Zokaei, N., Bahrami, B., and Vigliocco, G. (2008). Visual motion
interferes with lexical decision on motion words. Curr. Biol. 18, R732-R733.
doi: 10.1016/j.cub.2008.07.016

Min, B. K. (2010). A thalamic reticular networking model of consciousness. Theor.
Biol. Med. Model 7:10. doi: 10.1186/1742-4682-7-10

Modinos, G., Ormel, J., and Aleman, A. (2009). Activation of anterior insula during
self-reflection. PLoS One 4:e4618. doi: 10.1371/journal.pone.0004618

Monaco, F., Mula, M., and Cavanna, A. E. (2005). Consciousness, epilepsy, and
emotional qualia. Epilepsy Behav. 7, 150-160. doi: 10.1016/j.yebeh.2005.05.018

Montaser-Kouhsari, L., and Rajimehr, R. (2004). Attentional modulation of
adaptation to illusory lines. J. Vis. 4, 434-444. doi: 10.1167/4.6.3

Montemayor, C., and Haladjian, H. H. (2015). Consciousness, Attention, and
Conscious Attention. Cambridge, MA: MIT Press.

Moutoussis, K., and Zeki, S. (2002). The relationship between cortical activation
and perception investigated with invisible stimuli. Proc. Natl. Acad. Sci. U.S.A.
99, 9527-9532. doi: 10.1073/pnas.142305699

Naccache, L., Blandin, E., and Dehaene, S. (2002). Unconscious masked priming
depends on temporal attention. Psychol. Sci. 13, 416-424. doi: 10.1111/1467-
9280.00474

Naghavi, H. R., and Nyberg, L. (2005). Common fronto-parietal activity in
attention, memory, and consciousness: shared demands on integration?
Conscious. Cogn. 14, 390-425. doi: 10.1016/j.concog.2004.10.003

Nani, A., and Cavanna, A. E. (2012). “The modularity of consciousness:
a neurobehavioural perspective,” in Consciousness: States Mechanisms and
Disorders, eds A. E. Cavanna, and A. Nani (New York, NY: Nova Science
Publishers), 1-14.

Nani, A., Seri, S., and Cavanna, A. E. (2013). “Consciousness and neuroscience,” in
Neuroimaging of Consciousness, eds A. E. Cavanna, A. Nani, H. Blumenfeld, and
S. Laureys (Berlin: Springer), 3-21.

Newman, J. (1995). Thalamic contributions to attention and consciousness.
Conscious. Cogn. 4, 172-193. doi: 10.1006/ccog.1995.1024

Nieuwenhuys, R., Voogd, J., and Van Huijzen, C. (2007). The Human Central
Nervous System. New York, NY: Springer.

Odegaard, B., Knight, R. T., and Lau, H. (2017). Should a few null findings falsify
prefrontal theories of conscious perception? J. Neurosci. 37, 9593-9602. doi:
10.1523/jneurosci.3217-16.2017

Ogawa, S., Tank, D. W., Menon, R., Ellermann, J. M., Kim, S. G., Merkle, H., et al.
(1992). Intrinsic signal changes accompanying sensory stimulation: functional
brain mapping with magnetic resonance imaging. Proc. Natl. Acad. Sci. U.S.A.
89, 5951-5955. doi: 10.1073/pnas.89.13.5951

O’Regan, J. K., and Noe, A. (2001). A sensorimotor account of vision and visual
consciousness. Behav. Brain Sci. 24, 939-973. doi: 10.1017/s0140525x01000115

Parvizi, J., Van Hoesen, G. W., Buckwalter, J., and Damasio, A. (2006). Neural
connections of the posteromedial cortex in the macaque. Proc. Natl. Acad. Sci.
U.S.A. 103, 1563-1568. doi: 10.1073/pnas.0507729103

Penifield, W., and Jasper, H. (1954). Epilepsy and the Functional Anatomy of the
Brain. Boston, MA: Little Brown.

Pessoa, L., Kastner, S., and Ungerleider, L. G. (2003). Neuroimaging studies
of attention: from modulation of sensory processing to top-down control.
J. Neurosci. 23, 3990-3998. doi: 10.1523/jneurosci.23-10-03990.2003

Philiastides, M. G., Auksztulewicz, R., Heekeren, H. R., and Blankenburg, F. (2011).
Causal role of dorsolateral prefrontal cortex in human perceptual decision
making. Curr. Biol. 21, 980-983. doi: 10.1016/j.cub.2011.04.034

Pike, G. B. (2012). Quantitative functional MRI: concepts, issues and future
challenges. Neuroimage 62, 1234-1240. doi: 10.1016/j.neuroimage.2011.10.046

Pins, D., and Ffytche, D. (2003). The neural correlates of conscious vision. Cereb.
Cortex 13, 461-474. doi: 10.1093/cercor/13.5.461

Poldrack, R. A. (2006). Can cognitive processes be inferred from neuroimaging
data? Trends Cogn. Sci. 10, 59-63. doi: 10.1016/j.tics.2005.12.004

Pollen, D. A. (2003). Explicit neural representations, recursive neural networks and
conscious visual perception. Cereb. Cortex 13, 807-814. doi: 10.1093/cercor/13.
8.807

Porter, R. J. (1991). Disorders of consciousness and associated complex behaviors.
Semin. Neurol. 11, 110-117. doi: 10.1055/s-2008-1041212

Posner, M. 1. (1994). Attention: the mechanisms of consciousness. Proc. Natl. Acad.
Sci. U.S.A. 91, 7398-7403. doi: 10.1073/pnas.91.16.7398

Rahnev, D., Nee, D. E,, Riddle, J., Larson, A. S., and D’Esposito, M. (2016). Causal
evidence for frontal cortex organization for perceptual decision making. Proc.
Natl. Acad. Sci. U.S.A. 113, 6059-6064. doi: 10.1073/pnas.1522551113

Raichle, M. E. (1998). Imaging the mind. Semin. Nucl. Med. 28, 278-289.

Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A., and
Shulman, G. L. (2001). A default mode of brain function. Proc. Natl. Acad. Sci.
U.S.A. 98, 676-682. doi: 10.1073/pnas.98.2.676

Frontiers in Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 1169


https://doi.org/10.1167/9.10.6
https://doi.org/10.1523/jneurosci.0627-12.2012
https://doi.org/10.1111/j.1749-6632.1982.tb50790.x
https://doi.org/10.1111/j.1749-6632.1982.tb50790.x
https://doi.org/10.1016/s0926-6410(03)00074-0
https://doi.org/10.1073/pnas.092277599
https://doi.org/10.1111/j.1467-9280.2008.02143.x
https://doi.org/10.1111/j.1467-9280.2008.02143.x
https://doi.org/10.1016/j.cub.2009.05.021
https://doi.org/10.1016/s1053-8119(02)91184-5
https://doi.org/10.1098/rstb.1998.0336
https://doi.org/10.1073/pnas.96.26.15222
https://doi.org/10.1146/annurev.physiol.66.082602.092845
https://doi.org/10.1073/pnas.0700668104
https://doi.org/10.1007/978-3-319-75468-0_25
https://doi.org/10.1016/j.concog.2015.12.005
https://doi.org/10.1007/s002210000404
https://doi.org/10.1037//0096-1523.23.1.168
https://doi.org/10.1016/j.neuron.2005.04.023
https://doi.org/10.1016/j.neuron.2005.04.023
https://doi.org/10.1523/jneurosci.4623-06.2007
https://doi.org/10.1523/jneurosci.4623-06.2007
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1016/j.cub.2008.07.016
https://doi.org/10.1186/1742-4682-7-10
https://doi.org/10.1371/journal.pone.0004618
https://doi.org/10.1016/j.yebeh.2005.05.018
https://doi.org/10.1167/4.6.3
https://doi.org/10.1073/pnas.142305699
https://doi.org/10.1111/1467-9280.00474
https://doi.org/10.1111/1467-9280.00474
https://doi.org/10.1016/j.concog.2004.10.003
https://doi.org/10.1006/ccog.1995.1024
https://doi.org/10.1523/jneurosci.3217-16.2017
https://doi.org/10.1523/jneurosci.3217-16.2017
https://doi.org/10.1073/pnas.89.13.5951
https://doi.org/10.1017/s0140525x01000115
https://doi.org/10.1073/pnas.0507729103
https://doi.org/10.1523/jneurosci.23-10-03990.2003
https://doi.org/10.1016/j.cub.2011.04.034
https://doi.org/10.1016/j.neuroimage.2011.10.046
https://doi.org/10.1093/cercor/13.5.461
https://doi.org/10.1016/j.tics.2005.12.004
https://doi.org/10.1093/cercor/13.8.807
https://doi.org/10.1093/cercor/13.8.807
https://doi.org/10.1055/s-2008-1041212
https://doi.org/10.1073/pnas.91.16.7398
https://doi.org/10.1073/pnas.1522551113
https://doi.org/10.1073/pnas.98.2.676
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Nani et al.

Dissociation Between Consciousness and Attention

Rajimehr, R. (2004). Unconscious orientation processing. Neuron 41, 663-673.
doi: 10.1016/50896-6273(04)00041-8

Reddy, L., Reddy, L., and Koch, C. (2006). Face identification in the near-absence
of focal attention. Vision Res. 46, 2336-2343. doi: 10.1016/j.visres.2006.01.020

Reddy, L., Wilken, P., and Koch, C. (2004). Face-gender discrimination is possible
in the near-absence of attention. J. Vis. 4, 106-117. doi: 10.1167/4.2.4

Rees, G., Kreiman, G., and Koch, C. (2002). Neural correlates of consciousness in
humans. Nat. Rev. Neurosci. 3, 261-270. doi: 10.1038/nrn783

Rees, G., and Lavie, N. (2001). What can functional imaging reveal about the
role of attention in visual awareness? Neuropsychologia 39, 1343-1353. doi:
10.1016/s0028-3932(01)00122-1

Rees, G., Russell, C., Frith, C. D., and Driver, J. (1999). Inattentional blindness
versus inattentional amnesia for fixated but ignored words. Science 286,
2504-2507. doi: 10.1126/science.286.5449.2504

Ritzinger, B., Huberle, E., and Karnath, H. O. (2012). Bilateral theta-burst TMS
to influence global gestalt perception. PLoS One 7:¢47820. doi: 10.1371/journal.
pone.0047820

Riva, D., Taddei, M., and Bulgheroni, S. (2018). The neuropsychology of basal
ganglia. Eur. J. Paediatr. Neurol. 22, 321-326. doi: 10.1016/j.jpn.2018.01.009

Robertson, D., and Williams, G. H. (2016). Clinical and Translational Science:
Principles of Human Research. Cambridge, MA: Academic Press.

Rodriguez, E., George, N., Lachaux, J. P., Martinerie, J., Renault, B., and Varela,
F.J.(1999). Perception’s shadow: long-distance synchronization of human brain
activity. Nature 397, 430-433. doi: 10.1038/17120

Roe, A. W., Chelazzi, L., Connor, C. E., Conway, B. R,, Fujita, L, Gallant, J. L.,
et al. (2012). Toward a unified theory of visual area V4. Neuron 74, 12-29.
doi: 10.1016/j.neuron.2012.03.011

Rosen, A. C, Rao, S. M., Caffarra, P., Scaglioni, A., Bobholz, J. A., Woodley,
S.J., etal. (1999). Neural basis of endogenous and exogenous spatial orienting.
A functional MRI study. J. Cogn. Neurosci. 11, 135-152. doi: 10.1162/
089892999563283

Ruff, C. C,, Blankenburg, F., Bjoertomt, O., Bestmann, S., Freeman, E., Haynes,
J. D., et al. (2006). Concurrent TMS-fMRI and psychophysics reveal frontal
influences on human retinotopic visual cortex. Curr. Biol. 16, 1479-1488. doi:
10.1016/j.cub.2006.06.057

Sato, W., Okada, T., and Toichi, M. (2007). Attentional shift by gaze is triggered
without awareness. Exp. Brain Res. 183, 87-94. doi: 10.1007/s00221-007-1
025-x

Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, J., Glover, G. H., Kenna, H.,
et al. (2007). Dissociable intrinsic connectivity networks for salience processing
and executive control. J. Neurosci. 27, 2349-2356. doi: 10.1523/JNEUROSCI.
5587-06.2007

Seth, A. K., and Baars, B. J. (2005). Neural Darwinism and consciousness.
Conscious. Cogn. 14, 140-168. doi: 10.1016/j.concog.2004.08.008

Seth, A. K., Suzuki, K., and Critchley, H. D. (2011). An interoceptive predictive
coding model of conscious presence. Front. Psychol. 2:395. doi: 10.3389/fpsyg.
2011.00395

Shin, K., Stolte, M., and Chong, S. C. (2009). The effect of spatial attention on
invisible stimuli. Atten. Percept. Psychophys. 71, 1507-1513. doi: 10.3758/app.
71.7.1507

Singer, W. (1999). Neuronal synchrony: a versatile code for the definition
of relations? Neuron 24, 49-65, 111-125. doi: 10.1016/s0896-6273(00)
80821-1

Sirigu, A., Daprati, E., Ciancia, S., Giraux, P., Nighoghossian, N., Posada, A,
et al. (2004). Altered awareness of voluntary action after damage to the parietal
cortex. Nat. Neurosci. 7, 80-84. doi: 10.1038/nn1160

Smith, S. M., Miller, K. L., Moeller, S., Xu, J., Auerbach, E. J., Woolrich, M. W,
et al. (2012). Temporally-independent functional modes of spontaneous brain
activity. Proc. Natl. Acad. Sci. U.S.A. 109, 3131-3136. doi: 10.1073/pnas.
1121329109

Smitha, K. A., Akhil Raja, K, Arun, K. M., Rajesh, P. G., Thomas, B,
Kapilamoorthy, T. R., et al. (2017). Resting state fMRI: a review on methods
in resting state connectivity analysis and resting state networks. Neuroradiol. J.
30, 305-317. doi: 10.1177/1971400917697342

Sperber, D. (2001). “In defense of massive modularity,” in Language, Brain and
Cognitive Development: Essays in Honor of Jacques Mehler, eds E. Dupoux, and
J. Mehler (Cambridge, MA: MIT Press), 47-57.

»

Sperry, R. (1966). “Brain bisection and the neurology of consciousness,” in Brain
and Conscious Experience, ed. J. C. Eccles (Berlin: Springer), 298-313. doi:
10.1007/978-3-642-49168-9_13

Srinivasan, R., Russell, D. P., Edelman, G. M., and Tononi, G. (1999). Increased
synchronization of neuromagnetic responses during conscious perception.
J. Neurosci. 19, 5435-5448. doi: 10.1523/jneurosci.19-13-05435.1999

Steriade, M. (2005). Sleep, epilepsy and thalamic reticular inhibitory neurons.
Trends Neurosci. 28, 317-324. doi: 10.1016/j.tins.2005.03.007

Stoodley, C. J. (2016). The cerebellum and neurodevelopmental disorders.
Cerebellum 15, 34-37. doi: 10.1007/s12311-015-0715-3

Sumner, P., Tsai, P. C., Yu, K., and Nachev, P. (2006). Attentional modulation of
sensorimotor processes in the absence of perceptual awareness. Proc. Natl. Acad.
Sci. U.S.A. 103, 10520-10525. doi: 10.1073/pnas.0601974103

Tapia, E., Breitmeyer, B. G., and Shooner, C. R. (2010). Role of task-directed
attention in nonconscious and conscious response priming by form and color.
J. Exp. Psychol. Hum. Percept. Perform. 36, 74-87. doi: 10.1037/a0017166

Teng, E. L., and Sperry, R. W. (1974). Interhemispheric rivalry during simultaneous
bilateral task presentation in commissurotomized patients. Cortex 10, 111-120.
doi: 10.1016/s0010-9452(74)80002-x

Tononi, G., Boly, M., Gosseries, O., and Laureys, S. (2016). “The neurology of
consciousness: an overview,” in The Neurology of Conciousness, eds S. Laureys,
and G. Tononi (Amsterdam: Elsevier), 463-471.

Tononi, G., and Edelman, G. M. (1998a). Consciousness and complexity. Science
282, 1846-1851. doi: 10.1126/science.282.5395.1846

Tononi, G., and Edelman, G. M. (1998b). “Consciousness and the integration of
information in the brain,” in Consciousness: At the Frontiers of Neuroscience, eds
H. H. Jasper, L. Descarries, V. F. Castellucci, and S. Rossignoli (Philadelphia,
PA: Lippencott-Raven), 245-279.

Torralba, A., Oliva, A., Castelhano, M. S., and Henderson, J. M. (2006). Contextual
guidance of eye movements and attention in real-world scenes: the role of global
features in object search. Psychol. Rev. 113, 766-786. doi: 10.1037/0033-295x.
113.4.766

Tranel, D., and Damasio, A. R. (1985). Knowledge without awareness: an
autonomic index of facial recognition by prosopagnosics. Science 228,
1453-1454. doi: 10.1126/science.4012303

Tsuchiya, N., and Adolphs, R. (2007). Emotion and consciousness. Trends Cogn.
Sci. 11, 158-167. doi: 10.1016/j.tics.2007.01.005

Tsuchiya, N., and Koch, C. (2008). “The relationship between consciousness and
attention,” in The Neurology of Consciousness: Cognitive Neuroscience and
Neuropathology, eds G. Tononi, and S. Laureys (Oxford: Elsevier Academic),
63-78.

Tsushima, Y., Sasaki, Y., and Watanabe, T. (2006). Greater disruption due to failure
of inhibitory control on an ambiguous distractor. Science 314, 1786-1788. doi:
10.1126/science.1133197

Tsushima, Y., Seitz, A. R, and Watanabe, T. (2008). Task-irrelevant learning
occurs only when the irrelevant feature is weak. Curr. Biol. 18, R516-R517.
doi: 10.1016/j.cub.2008.04.029

Turatto, M., Sandrini, M., and Miniussi, C. (2004). The role of the right dorsolateral
prefrontal cortex in visual change awareness. Neuroreport 15, 2549-2552. doi:
10.1097/00001756-200411150-00024

Uddin, L. Q. (2015). Salience processing and insular cortical function and
dysfunction. Nat. Rev. Neurosci. 16, 55-61. doi: 10.1038/nrn3857

Uhlhaas, P. J., and Singer, W. (2012). Neuronal dynamics and neuropsychiatric
disorders: toward a translational paradigm for dysfunctional large-scale
networks. Neuron 75, 963-980. doi: 10.1016/j.neuron.2012.09.004

Vallar, G. (1998). Spatial hemineglect in humans. Trends Cogn. Sci. 2, 87-97.
doi: 10.1016/s1364-6613(98)01145-0

van Boxtel, J. J., Tsuchiya, N., and Koch, C. (2010). Consciousness and attention: on
sufficiency and necessity. Front. Psychol. 1:217. doi: 10.3389/fpsyg.2010.00217

Van den Bussche, E., Hughes, G., Humbeeck, N. V., and Reynvoet, B. (2010).
The relation between consciousness and attention: an empirical study using
the priming paradigm. Conscious Cogn. 19, 86-97. doi: 10.1016/j.concog.2009.
12.019

Velioglu, S. K., Kuzeyli, K., and Zzmenoglu, M. (1998). Cerebellar agenesis: a case
report with clinical and MR imaging findings and a review of the literature. Eur.
J. Neurol. 5, 503-506. doi: 10.1046/j.1468-1331.1998.550503.x

Velmans, M. (2000). Understanding Consciousness. London: Routledge.

Frontiers in Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 1169


https://doi.org/10.1016/s0896-6273(04)00041-8
https://doi.org/10.1016/j.visres.2006.01.020
https://doi.org/10.1167/4.2.4
https://doi.org/10.1038/nrn783
https://doi.org/10.1016/s0028-3932(01)00122-1
https://doi.org/10.1016/s0028-3932(01)00122-1
https://doi.org/10.1126/science.286.5449.2504
https://doi.org/10.1371/journal.pone.0047820
https://doi.org/10.1371/journal.pone.0047820
https://doi.org/10.1016/j.ejpn.2018.01.009
https://doi.org/10.1038/17120
https://doi.org/10.1016/j.neuron.2012.03.011
https://doi.org/10.1162/089892999563283
https://doi.org/10.1162/089892999563283
https://doi.org/10.1016/j.cub.2006.06.057
https://doi.org/10.1016/j.cub.2006.06.057
https://doi.org/10.1007/s00221-007-1025-x
https://doi.org/10.1007/s00221-007-1025-x
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1016/j.concog.2004.08.008
https://doi.org/10.3389/fpsyg.2011.00395
https://doi.org/10.3389/fpsyg.2011.00395
https://doi.org/10.3758/app.71.7.1507
https://doi.org/10.3758/app.71.7.1507
https://doi.org/10.1016/s0896-6273(00)80821-1
https://doi.org/10.1016/s0896-6273(00)80821-1
https://doi.org/10.1038/nn1160
https://doi.org/10.1073/pnas.1121329109
https://doi.org/10.1073/pnas.1121329109
https://doi.org/10.1177/1971400917697342
https://doi.org/10.1007/978-3-642-49168-9_13
https://doi.org/10.1007/978-3-642-49168-9_13
https://doi.org/10.1523/jneurosci.19-13-05435.1999
https://doi.org/10.1016/j.tins.2005.03.007
https://doi.org/10.1007/s12311-015-0715-3
https://doi.org/10.1073/pnas.0601974103
https://doi.org/10.1037/a0017166
https://doi.org/10.1016/s0010-9452(74)80002-x
https://doi.org/10.1126/science.282.5395.1846
https://doi.org/10.1037/0033-295x.113.4.766
https://doi.org/10.1037/0033-295x.113.4.766
https://doi.org/10.1126/science.4012303
https://doi.org/10.1016/j.tics.2007.01.005
https://doi.org/10.1126/science.1133197
https://doi.org/10.1126/science.1133197
https://doi.org/10.1016/j.cub.2008.04.029
https://doi.org/10.1097/00001756-200411150-00024
https://doi.org/10.1097/00001756-200411150-00024
https://doi.org/10.1038/nrn3857
https://doi.org/10.1016/j.neuron.2012.09.004
https://doi.org/10.1016/s1364-6613(98)01145-0
https://doi.org/10.3389/fpsyg.2010.00217
https://doi.org/10.1016/j.concog.2009.12.019
https://doi.org/10.1016/j.concog.2009.12.019
https://doi.org/10.1046/j.1468-1331.1998.550503.x
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Nani et al.

Dissociation Between Consciousness and Attention

Vlasov, V., and Bifone, A. (2017). Hub-driven remote synchronization in brain
networks. Sci. Rep. 7:10403. doi: 10.1038/s41598-017-09887-7

von Arx, S. W., Muri, R. M., Heinemann, D., Hess, C. W., and Nyffeler, T.
(2010). Anosognosia for cerebral achromatopsia—a longitudinal case study.
Neuropsychologia 48, 970-977. doi: 10.1016/j.neuropsychologia.2009.11.018

Vossel, S., Geng, J. J., and Fink, G. R. (2014). Dorsal and ventral attention systems:
distinct neural circuits but collaborative roles. Neuroscientist 20, 150-159. doi:
10.1177/1073858413494269

Voytek, B., Davis, M., Yago, E., Barcelo, F., Vogel, E. K., and Knight, R. T. (2010).
Dynamic neuroplasticity after human prefrontal cortex damage. Neuron 68,
401-408. doi: 10.1016/j.neuron.2010.09.018

Ward, L. M. (2002). Dynamical Cognitive Science. Cambridge, MA: MIT Press.

Ward, L. M. (2003). Synchronous neural oscillations and cognitive processes.
Trends Cogn. Sci. 7, 553-559. doi: 10.1016/j.tics.2003.10.012

Ward, L. M. (2011). The thalamic dynamic core theory of conscious experience.
Conscious Cogn. 20, 464-486. doi: 10.1016/j.concog.2011.01.007

Weidner, R., Krummenacher, J., Reimann, B., Muller, H. J., and Fink, G. R. (2009).
Sources of top-down control in visual search. J. Cogn. Neurosci. 21, 2100-2113.
doi: 10.1162/jocn.2008.21173

Weiskrantz, L. (1997). Consciousness Lost and Found: A Neuropsychological
Exploration. Oxford: Oxford University Press.

Woodman, G. F., and Luck, S. J. (2003). Dissociations among attention, perception,
and awareness during object-substitution masking. Psychol. Sci. 14, 605-611.
doi: 10.1046/j.0956-7976.2003.psci_1472.x

Wryart, V., and Tallon-Baudry, C. (2009). How ongoing fluctuations in human
visual cortex predict perceptual awareness: baseline shift versus decision bias.
J. Neurosci. 29, 8715-8725. doi: 10.1523/jneurosci.0962-09.2009

Zatorre, R. J., Mondor, T. A., and Evans, A. C. (1999). Auditory attention to space
and frequency activates similar cerebral systems. Neuroimage 10, 544-554. doi:
10.1006/nimg.1999.0491

Zeki, S. M. (1973). Colour coding in rhesus monkey prestriate cortex. Brain Res. 53,
422-427. doi: 10.1016/0006-8993(73)90227-8

Zeki, S. M. (1983). The distribution of wavelength and orientation selective cells
in different areas of monkey visual cortex. Proc. R. Soc. Lond. B Biol. Sci. 217,
449-470. doi: 10.1098/rspb.1983.0020

Zeki, S. M. (2007). “A theory of micro-consciousness,” in The Blackwell Companion
to Consciousness, eds M. Velmans, and S. Schneider (Oxford: Blackwell),
580-588. doi: 10.1002/9780470751466.ch46

Zeman, A. (2001). Consciousness. Brain 124(Pt 7), 1263-1289. doi: 10.1093/brain/
124.7.1263

Zhang, X., Guo, L., Li, X,, Zhang, T., Zhu, D,, Li, K., et al. (2013). Characterization
of task-free and task-performance brain states via functional connectome
patterns. Med. Image Anal. 17, 1106-1122. doi: 10.1016/j.media.2013.
07.003

Zhigalov, A., Arnulfo, G., Nobili, L, Palva, S., and Palva, J. M. (2017).
Modular co-organization of functional connectivity and scale-free dynamics
in the human brain. Netw. Neurosci. 1, 143-165. doi: 10.1162/NETN_a_0
0008

Zhou, Y., Friston, K. J., Zeidman, P., Chen, J., Li, S., and Razi, A. (2018). The
hierarchical organization of the default, dorsal attention and salience networks
in adolescents and young adults. Cereb. Cortex 28, 726-737. doi: 10.1093/
cercor/bhx307

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Nani, Manuello, Mancuso, Liloia, Costa and Cauda. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org

17

October 2019 | Volume 13 | Article 1169


https://doi.org/10.1038/s41598-017-09887-7
https://doi.org/10.1016/j.neuropsychologia.2009.11.018
https://doi.org/10.1177/1073858413494269
https://doi.org/10.1177/1073858413494269
https://doi.org/10.1016/j.neuron.2010.09.018
https://doi.org/10.1016/j.tics.2003.10.012
https://doi.org/10.1016/j.concog.2011.01.007
https://doi.org/10.1162/jocn.2008.21173
https://doi.org/10.1046/j.0956-7976.2003.psci_1472.x
https://doi.org/10.1523/jneurosci.0962-09.2009
https://doi.org/10.1006/nimg.1999.0491
https://doi.org/10.1006/nimg.1999.0491
https://doi.org/10.1016/0006-8993(73)90227-8
https://doi.org/10.1098/rspb.1983.0020
https://doi.org/10.1002/9780470751466.ch46
https://doi.org/10.1093/brain/124.7.1263
https://doi.org/10.1093/brain/124.7.1263
https://doi.org/10.1016/j.media.2013.07.003
https://doi.org/10.1016/j.media.2013.07.003
https://doi.org/10.1162/NETN_a_00008
https://doi.org/10.1162/NETN_a_00008
https://doi.org/10.1093/cercor/bhx307
https://doi.org/10.1093/cercor/bhx307
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	The Neural Correlates of Consciousness and Attention: Two Sister Processes of the Brain
	Introduction
	Separate Functions for Attention and Consciousness
	Brain Mechanisms at the Root of Consciousness and Attention
	Neural Correlates of Conscious Processing
	Neural Correlates of Attention Processing

	Discussion
	The Interplay of Conscious and Attention Processing
	The Construction of the Conscious Experience

	Conclusion
	Author Contributions
	Funding
	References


