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Abstract

Consciousness is a fascinating field of neuroscience research where questions often outnumber
the answers. We advocate an open and optimistic approach where converging mechanisms in
neuroscience may eventually provide a satisfactory understanding of consciousness. We first
review several characteristics of conscious neural activity, including the involvement of dedicated
systems for content and levels of consciousness, the distinction and overlap of mechanisms
contributing to conscious states and conscious awareness of transient events, nonlinear transitions
and involvement of large-scale networks, and finally the temporal nexus where conscious
awareness of discrete events occurs when mechanisms of attention and memory meet. These
considerations and recent new experimental findings lead us to propose an inclusive hypothesis
involving four phases initiated shortly after an external sensory stimulus: (1) Detect—primary and
higher cortical and subcortical circuits detect the stimulus and select it for conscious perception.
(2) Pulse—a transient and massive neuromodulatory surge in subcortical-cortical arousal and
salience networks amplifies signals enabling conscious perception to proceed. (3) Switch—
networks that may interfere with conscious processing are switched off. (4) Wave—sequential
processing through hierarchical lower to higher cortical regions produces a fully formed percept,
encoded in frontoparietal working memory and medial temporal episodic memory systems for
subsequent report of experience. The framework hypothesized here is intended to be nonexclusive
and encourages the addition of other mechanisms with further progress. Ultimately, just as many
mechanisms in biology together distinguish living from nonliving things, many mechanisms in
neuroscience synergistically may separate conscious from nonconscious neural activity.
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Introduction

Most people agree that it makes a difference whether you are conscious or not. However,
there is wide disagreement about what exactly consciousness is and how to explain it.
Some argue that truly understanding consciousness depends on internal experiences, which
cannot be fully explained through scientific approaches that inherently rely on external
observation. Nevertheless, here we will assume that neuroscience can provide valuable
insights into the nature of consciousness. Like other challenging topics in science, such

as the definition of life, we will approach consciousness by describing its important
properties and characteristics rather than by striving for a concise or simple single
definition. It is perhaps exactly this richness and beautiful complexity, shared with other
important biological phenomena, that creates an intuition that simple or dry explanations of
consciousness are unacceptable. Consciousness is not simple but neither are neural circuits
or neurons. Hopefully, increased understanding and appreciation of the complex, elegant
neural mechanisms that may contribute synergistically will ultimately lead to a satisfactory
neuroscientific explanation for consciousness.

Many theories have been offered to explain consciousness, discussed in detail elsewhere
and which we will not review here (Dehaene 2014; Koch and others 2016; Lamme 2006;
Lau and Rosenthal 2011; Tononi and others 2016). Instead, we will build on previous

work to offer a new hypothesis aimed at synthesizing diverse mechanisms in neuroscience
that together may produce consciousness. This account is not exclusive; rather, we posit—
again like the biological study of life itself—that consciousness is best understood through
a synergistic combination of multiple complex mechanisms rather than through a single
simple mechanism. We will first discuss several important properties and characteristics of
consciousness; then we present the detect, pulse, switch, and wave hypothesis to unify these
characteristics in the context of recent experimental findings; before finally turning to future
directions and unanswered questions.

Content of Consciousness, Level of Consciousness, and the

Consciousness System

Consciousness was described by the neurologists Plum and Posner (1972) as having two
components:

1. Content of consciousness
2. Level of consciousness

The content of consciousness is the substrate on which consciousness acts and includes
hierarchically organized sensory, motor, emotional, and mnemonic systems working at
multiple levels. The content of consciousness comprises most systems investigated by
neuroscience, including sensory and motor pathways, memory, emotions and drives,
language, executive function, visual or other sensory processing, motor planning, and

so on (Fig. 1). Each of the individual contents of consciousness can be affected by

focal dysfunction that selectively disrupts a specific module while leaving other functions
relatively intact (Heilman and Valenstein 2003; Mesulam 2000). For example, if visual
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pathways are damaged, a person may have impaired visual consciousness but can continue
to have normal experiences in other domains. If someone has damage to the language
networks, their consciousness of language may be altered while other nonverbal experiences
continue unhampered.

In contrast, neural systems that control the level of consciousness often act on many of

the contents of consciousness together, producing more global effects on consciousness
(Giacino and others 2018; Laureys and others 2015; Posner and others 2019; Schiff 2008).
We refer to the specialized cortical and subcortical brain networks that regulate the level

of consciousness as the consciousness system, in analogy to other major functional systems
in the brain, such as the motor system, somatosensory system, and so on (Blumenfeld

2009; Fig. 2). The consciousness system controls the level of consciousness and therefore
regulates access to all of the contents of consciousness. This occurs through three distinct
but related processes that maintain (1) alertness, (2) attention, and (3) awareness of self and
environment (mnemonic AAA). Consciousness system networks that control these functions
include the upper brainstem, thalamic, hypothalamic, and basal fore-brain arousal systems
(Li and others 2021; McCormick and others 2015; Motelow and Blumenfeld 2014; Parvizi
and Damasio 2001; Redinbaugh and others 2020; Saper and others 2001; Steriade and
MccCarley 2010), along with the medial and lateral higher-order association cortex (Corbetta
and Shulman 2002; Dosenbach and others 2008; Menon and Uddin 2010; Raichle and
Snyder 2007; Seeley and others 2007; see Fig. 2). Other structures such as the claustrum,
basal ganglia, nucleus accumbens, and cerebellum may also play a role (Crick and Koch
2005; Li and others 2021; Middleton and Strick 2000; Schiff 2010; Schmahmann 2019).
The diverse cortical and subcortical networks of the consciousness system overlap in their
contributions to alertness, attention, and awareness.

Although the neuroanatomy of consciousness is relatively well known (Blumenfeld 2015;
Fig. 2), the neuro-physiological mechanisms that generate consciousness remain poorly
understood. To understand the physiology of consciousness, and how the neuroanatomical
components of the consciousness system contribute, it is necessary to consider how
COoNsciousness occurs over time.

Conscious States and Conscious Events

Conscious states are situations where a particular level of consciousness lasts for a relatively
long period of time. Different conscious states include sleep, wake, drowsiness, heightened
vigilance, or disorders of consciousness such as coma, minimally conscious state, or
epileptic seizures. Conscious states depend on cortical and subcortical consciousness system
networks that control level of consciousness over extended time periods (see Fig. 2). In
contrast, in conscious events there is briefer conscious awareness, usually of a specific
sensation, action, thought, or combination of these to form an experience. Recent work
suggests that the same cortical-subcortical consciousness system networks known to regulate
level of consciousness on longer timescales in conscious states also dynamically control
level of consciousness on much shorter timescales during brief conscious events (Chica and
others 2016; Kronemer and others 2021; Li and others 2021; Sarter and Lustig 2019; Schiff
and others 2013; Warren and others 2015).
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Consciousness Is Nonlinear and Involves Large-Scale Brain Networks

Two other important properties of consciousness are nonlinearity and the involvement of
large-scale neural networks in the brain. Nonlinear transitions between conscious states

are common, as we all experience when abruptly returning to a more alert state while
drowsing during a lecture, or as occurs in people with epilepsy where the severity of
impaired consciousness during seizures tends to be bimodally distributed. There are of
course gradations in level of consciousness, and consciousness is not a strictly all-or-none
phenomenon; however, transitions in level of consciousness between states tend to occur

in a nonlinear manner (Cunningham and others 2014; Del Cul and others 2007; Saper

and others 2001). Similarly, nonlinear processes are important for experience of conscious
events. Interesting recent work from numerous labs has demonstrated that although neural
responses at lower levels tend to be graded more linearly in response to stimulus strength
(e.g., signals in primary visual cortex), subsequent higher-order neural responses are highly
nonlinear (Del Cul and others 2007; Fisch and others 2009; Herman and others 2019; Noy
and others 2015; van Vugt and others 2018). This produces nonlinear signals in higher-order
cortical areas that are massively amplified for consciously perceived versus nonperceived
events. In addition, both conscious states and conscious events involve large-scale neural
networks in the brain. Many converging studies of normal consciousness as well as disorders
of consciousness have shown that consciousness is “big” in the brain, meaning that when
consciousness occurs it usually involves widely distributed cortical and subcortical networks
in both hemispheres (Baars 2005; Dehaene 2014; Koch 2004; Laureys and others 2015;
Posner and others 2019; Schiff 2008; Steriade and McCarley 2005; Tononi and others
2016). This broad network involvement of consciousness is in keeping with its crucial
functional importance and survival benefits, providing robustness and redundancy that may
have evolutionary advantages.

The Timeline of Consciousness

When people use the word “conscious” in common speech, they usually mean either (1)

not unconscious (i.e., not in a coma or dreamless sleep) or (2) conscious awareness of
something. The mechanisms that prevent unconsciousness and maintain a normal alert state
of arousal are less controversial (Posner and others 2019; Steriade and McCarley 2010).
Therefore, we will now specifically discuss the more elusive mechanisms of conscious
awareness in greater detail. We will focus on conscious awareness of events because these
have been most actively studied. Although in reality conscious awareness may occur on
more of a continuum (Huk and others 2018), and it is possible to be consciously aware of
things that do not occur at a particular moment in time, awareness of discrete events is much
easier to study experimentally. Conscious awareness of events may thus serve as the “£. coli
of consciousness research,” providing a simple model system, with outcomes extrapolated
and interpreted more widely, although all appropriate precautions should be preserved for
such a simplified model.

Conscious events can be described as occurring on a timeline of consciousness (Fig. 3).
Several investigators have recently distinguished between neural mechanisms contributing
to the conscious event itself and other mechanisms that may precede or follow it but are
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not, strictly speaking, part of consciousness (Aru and others 2012; Pitts and others 2014a;
Tsuchiya and others 2015). We will use the example of a brief external stimulus, such as
the transient appearance of a face in the visual field (represented by the red arrow at time 0
in Fig. 3), to discuss these concepts. Important precursors or prerequisites of consciousness
may contribute to whether or not an event reaches conscious awareness. These precursors
of consciousness include level of alertness and arousal, attentional vigilance or anticipation,
previous experiences related to an upcoming event, motivational state, and the phase of
brain oscillations such as the alpha rhythm (Boly and others 2007; Gonzalez-Garcia and
others 2018; Libet and others 1983; Mathewson and others 2009; Palva and others 2005;
Sadaghiani and others 2009; Wyart and Tallon-Baudry 2009). Following the conscious
event, a number of consequences of consciousness can occur (see Fig. 3). These include
so-called postperceptual processing, encoding of information into memory systems, and
preparation for subsequent report or description of the experience at a later time (Aru and
others 2012; Pitts and others 2014a; Tsuchiya and others 2015). Between the precursors and
consequences of consciousness lies the conscious event itself, probably lasting somewhere
between 200 and 300 ms (the exact duration is controversial). The conscious event is
represented in Figure 3 by a green box instead of the famous black box in the hopeful spirit
that it can eventually be explained based on biology.

Memory, and Conscious Awareness

Let us try and open the green box. We will again use the brief appearance of a visual
stimulus at time zero as an example of a conscious event. However, the same concepts could
be applied to any external sensory (visual, auditory, tactile, etc.) stimulus, as well as to a
motor action, or to an internal thought, memory, or feeling, any of which could serve as

the contents of consciousness (see Fig. 1). As we have discussed, arousal and attention are
likely necessary, but are perhaps not sufficient for conscious awareness. Along the timeline
of consciousness (see Fig. 3), attentional engagement is needed at the time of the stimulus
for a visual event to reach conscious awareness (Simons and Chabris 1999). In addition to
attention, memory provides important clues about the mechanisms of consciousness. For a
conscious event to be used for later cognitive operations it must enter dorsal frontoparietal
working memory areas (Carver and others 2018; Goldman-Rakic 1996; Persuh and others
2018). Furthermore, to be available for later report as an episodic declarative memory or
experience it must reach the medial temporal memory circuits (Hassabis and others 2007;
Squire and Wixted 2011; Tulving 2002). Thus, memory systems must be engaged during

or toward the end of the conscious event (see Fig. 3). The green box or conscious event is
thus at the nexus or temporal transition between attention and memory systems—or, in short,
consciousness is where attention meets memory.

However, not all conscious events are in fact remembered. It is possible to be consciously
aware of something one moment but to not remember it later either due to amnesia or
simply due to normal forgetting. Therefore, consciousness is not the same as memory
encoding, but rather may represent the stage just prior to memory encoding, where a
potential memory reaches the gateway to memory systems in regions such as the medial
temporal lobe. Similarly, it is possible to engage attentional mechanism without forming
a conscious experience. For example, some actions involving substantial attention such as
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driving a car can occur largely automatically, where multiple attended events occur that do
not become part of consciousness. Consciousness awareness is, therefore, not identical to
attention. Additional neural ingredients are required for an event that reaches attention to
also reach conscious awareness.

Detect, Pulse, Switch, and Wave

What happens during the transition from attention to memory? We will now present a new
framework for investigating conscious events, called the detect, pulse, switch, and wave
hypothesis (Fig. 4). The present hypothesis builds on and incorporates previous theories
and findings together with recent work on the neuroscience of consciousness from my
laboratory. Returning to the example of a brief visual stimulus at time 0, shortly after the
stimulus (<100 ms), primary cortices are activated, specifically visual cortex in this case.
To detect the stimulus, signals interact with higher cortical areas including the frontal eye
fields and other frontoparietal regions (Bisley and Goldberg 2010; Gregoriou and others
2009; Thompson and Schall 1999) as well as subcortical areas such as the midbrain tectum
(Bollimunta and others 2018; Knudsen 2011. see Fig. 4, “Detect”). We recently found
support for a rapid early cortical detection network based on human electrocorticography
analysis with both visual and auditory stimuli (Christison-Lagay and others 2018; Herman
and others 2019; Khalaf and others 2021 [unpublished data]; Kwon and others 2021).

Consciously detected stimuli trigger the next three steps within 200 to 300 ms. In the first of
these steps, subcortical arousal systems provide a dynamic transient pulse that facilitates
subsequent massive nonlinear cortical signals necessary for consciousness (see Fig. 4,
“Pulse”). As we have already discussed, other theories endorse nonlinear cortical “ignition”
in conscious perception; however, subcortical arousal systems are usually given a slower,
permissive role in sustained attention. In contrast, we hypothesize that a transient early
subcortical arousal pulse or neuromodulatory surge enhances cortical networks dynamically,
facilitating and amplifying rapid and widespread brain involvement in consciousness. We
recently found evidence supporting an early transient subcortical-cortical arousal pulse in
human visual perception based on both fMRI (functional magnetic resonance imaging) and
direct recordings from the human thalamus (Christison-Lagay and others 2018; Kronemer
and others 2021; Li and others 2021). Note that the “detect” and “pulse” steps overlap
bottom-up subcortical and cortical salience networks previously described for attention
(Kinomura and others 1996; Menon and Uddin 2010; Sarter and Lustig 2019; Schiff and
others 2013; Seeley and others 2007).

Next, there is a switch off of activity in specific networks to prevent them from interfering
with ongoing processing of the conscious stimulus, in this case including primary visual
cortex, frontoparietal detection network areas, and the default mode network (see Fig. 4,
“Switch™). We hypothesize that such decreases in activity may “chunk’” conscious events
into discrete moments of time, or serve other functions to selectively control or focus
information flow. For example, decreased activity is well known to occur in default mode
networks at times when internal attention is switched off and external attention is switched
on (Herman and others 2019; Li and others 2019; Miller and others 2009; Ossand6n and
others 2011; Raichle and Snyder 2007; Singh and Fawcett 2008). In addition to sustained
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decreases in default mode network activity, we recently found that consciously perceived
visual stimuli produce a transient decrease in primary visual cortex as well as in higher
order detection networks at about 350 ms after stimulus presentation (Herman and others
2019). The timing of these decreases coincides with the attentional blink or psychological
refractory period, and may thus contribute to limiting potentially distracting inputs during
conscious processing (Dux and Marois 2009; Hindi Attar and others 2010; Li and others
2013; Sergent and others 2005).

Finally, a broad wave of hierarchical processing sweeps through lower to higher cortical
areas (including the dorsal and ventral visual streams in this case) to fully process the

event before it is encoded in frontoparietal working memory and medial temporal episodic
memory systems (Fig. 4, “Wave”). The earlier portions of the wave may be considered

part of the conscious event itself; however, the continued postperceptual processing needed
for full memory encoding and preparation for subsequent report blends into the later
consequences of consciousness (Fig. 3). We found a wave of increased cortical activity
sweeping from back to front through hierarchically organized association cortical networks
at a rate of approximately 150 mm/s based on intracranial EEG (electroencephalography)
recordings with consciously perceived visual stimuli (Herman and others 2019). A similar
forward-sweeping wave of activity was also observed with conscious perception of auditory
stimuli (Christison-Lagay and others 2018). In both studies, the wave was not observed
with identical visual or auditory stimuli that were not consciously perceived. Interestingly,
we found that some of the wave activity in frontoparietal networks was sustained long

after the stimulus ended (Herman and others 2019). Recent work with fMRI and EEG
using report-independent paradigms for testing conscious perception suggests that the early
portions of the wave are related to consciousness, while the later portions of the wave are
involved in postperceptual processing (Kronemer and others 2021; Pitts and others 2014b).

Unanswered Questions and Future Work

The detect, pulse, switch and wave hypothesis is intended to summarize several key
mechanisms along the timeline of consciousness, filling in the gap between precursors and
consequences of consciousness with a plausible sequence of neural events. The hypothesis
fulfills the characteristics of consciousness we outlined, including dedicated systems
contributing the contents of consciousness for specific modalities such as vision, hearing,
action, and so on (Fig. 1); more general systems controlling the level of consciousness

via the consciousness system (Fig. 2); dynamic moment-to-moment control of the level of
consciousness allowing conscious awareness of discrete events; nonlinear transitions and
amplification leading to involvement of large-scale brain networks; and a rapid sequence of
neural mechanisms within the “green box” on the timeline of consciousness (Figs. 3 and 4)
allowing attention to meet memory.

Although detailed and testable hypotheses of this kind go a long way toward explaining
mechanisms of conscious awareness, many important questions remain. For example,
the mechanisms of the crucial bifurcation where an event either does or does not

enter consciousness require much additional investigation. Interestingly, for a brief
time after events occur they may potentially still enter consciousness if attention is
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refocused on them (Sperling 1960). This creates intriguing questions about when exactly
consciousness happens, and what subset of information in the brain at any moment
represents consciousness versus nonconscious material, a matter of ongoing debate (Aru
and Bachmann 2017; Mack and others 2018).

A related question is whether or not some form of backward reflection or metacognition is
needed for consciousness (Fleming and others 2012; Mazor and others 2020). Some posit
that consciousness requires the construction of an informational model or attribution of
attention to oneself or to others (Graziano 2020; Wilterson and others 2020). In some ways
the question is a definitional one, similar to the famous question or whether a tree falling in
the forest with no one around to hear it makes a sound. Does conscious awareness require
awareness of that awareness, or not? Again timing may be highly relevant to this question.
Simple awareness presumably occurs closer to the event, whereas awareness of awareness
may occur with some delay.

The role of emotional valence and value, perhaps participating in the modulatory pulse
or other steps of the hypothesis described above, also requires extensive additional
investigation. For example, recent work has demonstrated involvement of the nucleus
accumbens in conscious visual perception (Kronemer and other 2021). Similar to the role
of emotion and motivation in attention, limbic contributions may help determine what
matters, is important, and therefore enters consciousness (Damasio and Damasio 2021;
Romer Thomsen and others 2011).

The “binding problem” is an important unsolved issue in consciousness research, asking
how, for example, when you hold an orange, disparate aspects, such as the color, feel, smell,
location, and time, are bound together to form a unified experience (Singer 2001). It is
possible that aspects of the switch and wave involving higher cortical and medial temporal
systems described above may contribute to binding, but the details require much further
research. Some clues may come from clinical disorders such as Balint’s syndrome where
bilateral dorsolateral parietal damage fractures the normal binding of visual experience into
smaller disconnected fragments (Barton 2011).

Another important question is how mechanisms of the kind described here can create a
vivid, subjective, and personal (“first-person” perspective) experience of awareness, both
of self and of the external world (Blanke and others 2015; Lou and others 2017; Schaefer
and Northoff 2017). Again, some clues may come from clinical disorders such as the
hemineglect syndrome, where damage—most commonly in the right parietal lobe—may
cause individuals to be unaware of the entire left side of the universe, including the left side
of their own self (Heilman and others 2000).

Although the timeline of consciousness is a useful heuristic for brief external events,
especially in the sensory domain, the timing and mechanisms of consciousness become more
complicated when one considers (1) awareness of internal thoughts where the timing of the
event is less clear; (2) awareness of motor actions in which some aspects of consciousness
may occur both before and after the external event; and (3) more continuous naturalistic
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experiences where timing is less clear in contrast to the discrete and simple single events
often studied experimentally.

Advances in many fields will contribute to answering these questions in the years

ahead. Insights will come from exciting progress in the neuroscience of attention,
memory, perception, arousal, emotion, motivation, decision making, executive function,
mental imagery, and other related topics, including research directly aimed at studying
consciousness. Much of neuroscience might be considered “covert consciousness research,”
because some investigators prefer to avoid the term consciousness, yet still contribute

in important ways to this fascinating field of research. As we have discussed, because
consciousness is so fundamentally important, it is likely that a convergence of multiple
robust neural mechanisms work together to provide consciousness rather than a single
mechanism. By continuing to pursue better understanding of the brain we will hopefully
draw closer to explaining the relationship between brain activity and conscious thought,
which is one of the great remaining mysteries of modern science.
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Brain systems for content and level of consciousness. The content or substrate of
consciousness is provided by hierarchically organized sensory, motor systems, and cognitive
systems, and by brain systems for memory, emotions, and drives. The level of consciousness
acts on all of these different modules and is regulated by the consciousness system (see Fig.
2). Reproduced with permission from Blumenfeld (2022).
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The consciousness system. Anatomical structures involved in regulating the level of
alertness, attention, and awareness. (A) Medial view showing cortical (blue) and subcortical
(red) components of the consciousness system. (B) Lateral cortical components of the
consciousness system. Note that other circuits not pictured here, such as the basal ganglia,
nucleus accumbens, claustrum, and cerebellum, may also play a role in attention and other
aspects of consciousness. Reproduced with permission from Blumenfeld (2022).
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Figure 3.
The timeline of consciousness. An event such as a brief external stimulus is indicated by

the vertical arrow at time zero. Neural precursors of consciousness are shown in blue, and
consequences of consciousness in purple, while the neural mechanisms of the conscious
event itself are shown in green. Reproduced with permission from Blumenfeld (2022).
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Detect Switch

Figure 4.
Detect, Pulse, Switch, and Wave hypothesis for consciousness. Sequence of neural

mechanisms proposed to produce conscious awareness of events, using an external visual
stimulus activating primary visual cortex as an example. Reproduced with permission from
Blumenfeld (2022).

Neuroscientist. Author manuscript; available in PMC 2023 February 01.



	Abstract
	Introduction
	Content of Consciousness, Level of Consciousness, and the Consciousness System
	Conscious States and Conscious Events
	Consciousness Is Nonlinear and Involves Large-Scale Brain Networks
	The Timeline of Consciousness
	Attention, Memory, and Conscious Awareness
	Detect, Pulse, Switch, and Wave
	Unanswered Questions and Future Work
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

