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Past research has identified several candidate neural
correlates of consciousness (NCCs) during visual percep-
tion. Recent research on auditory perception shows
promise for establishing the generality of various NCCs
across sensory modalities, as well as for revealing dif-
ferences in how conscious processing unfolds in differ-
ent sensory systems.

Neural correlates of consciousness

Research aimed at identifying NCCs has benefited in recent
years from improved experimental paradigms as well as
from important theoretical developments [1,2]. With the
human visual system as a model, significant progress has
been made in identifying potential NCCs and in distinguish-
ing these from pre-conscious and post-perceptual activity. It
is vital to pursue similar research in other sensory modali-
ties to test the domain-generality of mechanisms supporting
perceptual awareness.

Recent progress in auditory awareness research

As shown in Figure 1, we focus on auditory event-related
potential (ERP) and magnetoencephalography (MEG)
studies because they are relatively common and easy to
compare with visual studies. f/MRI data are also considered
when possible.

Analogous to crowding in vision, informational mask-
ing is a phenomenon in which participants fail to hear
target sounds when presented around the same time as
masking sounds, despite the fact that the target and
masking sounds do not overlap in frequency. Using
MEG, one study showed that, when a metronome-like
pattern of target tones is masked, no long-latency re-
sponse with 100 ms peak latency is evoked, despite
the fact that such responses are often thought to occur
for any auditory stimulus. However, when the tones
were consciously detected, a prolonged long-latency neg-
ative-going response was evident. Based on these find-
ings, this response was labeled the awareness-related
negativity (ARN) [3]. An earlier response (peaking
around 60 ms) was observed regardless of auditory
awareness, but did not occur in control conditions when
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the target was absent. Importantly, no late positive
responses were elicited in this experiment, suggesting
that such late responses are not necessary for conscious-
ness, despite the fact that such responses have
been implicated as potential NCCs in several visual
experiments [1,2].

As in vision, bistable perception can occur for auditory
stimuli, allowing the identification of potential NCCs while
controlling for physical stimulus differences. Stream seg-
regation of interleaved tones with different stimulus prop-
erties is the best-studied bistable auditory perception
paradigm [4]. When participants hear two segregated
streams versus one integrated stream, increased activity
in auditory cortex (AC) and two parietal regions (intrapar-
ietal sulcus, precuneus) has been detected with fMRI
[5]. This increase in activity for two streams is consistent
with the presence of two segregated neural representa-
tions, as observed in several animal and human studies of
stimulus-driven (rather than percept-driven) neural activ-
ity during stream segregation [4]. Another fMRI study
showed that activity in AC occurred after a switch from
perceiving one stream to two streams of tones, or vice versa
[6]. Switch-related activity also occurred in the inferior
colliculus, most likely because the two tones differed in
terms of inter-aural time difference, another low-level cue
that is represented in this brainstem nucleus. Recently, a
novel bistable paradigm was created in which perceived
pitch motion between a pair of tones reversed or remained
stable across successive trials [7]. ERPs revealed a bilat-
eral fronto-central negativity (at around 120 ms), followed
by a subsequent late positivity (at 320 ms) associated with
changes in perceived pitch motion, despite unchanging
sensory input.

Analogous to change-blindness in vision, change-deaf-
ness occurs when participants listen to a scene of multiple
concurrent sounds and fail to detect when there is an
added, deleted, or replaced sound (e.g., when the sound
of a dog barking in a noisy city soundscape is replaced by a
cat meowing when presented a moment later). As with
informational masking, enhanced long-latency sensory
responses occur during conscious auditory-change detec-
tion, whereas earlier activity in AC occurs regardless of
perceptual awareness [8,9]. Enhanced late positive
responses are also commonly observed for detected audi-
tory changes (suggesting activation of frontal and parietal
networks). However, unlike masking studies, change-deaf-
ness paradigms require participants to evaluate each stim-
ulus, and late positive responses may be associated with
this evaluation.
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Figure 1. Event-related potential (ERP)/magnetoencephalography (MEG) correlates of visual (top) and auditory (bottom) conscious perception across three common
paradigms (columns, left to right: masking, bistable perception, change-blindness/deafness; note that negative is plotted upwards). (A) ERPs from a visual masking study to
detected and undetected targets. Adapted from [10] with permission from Wolters Kluwer Health/Lippincott Williams & Wilkins. (B) Grand average source waveforms within
the left auditory cortex from an MEG auditory informational masking study showing detected and undetected targets. Adapted from [3] with permission from John Wiley &
Sons. (C) ERPs from a visual bistable perception study showing responses to perceptual reversals and non-reversals. Adapted from [11] with permission from Elsevier. (D)
ERPs from an auditory bistable perception study showing responses to perceptual reversals and non-reversals. Adapted from [7]. (E) ERPs from a change-blindness study
for detected and non-detected (i.e., change-blindness) changes. Adapted from [12] with permission from MIT Press. (F) ERPs from a change-deafness study for detected and
non-detected (i.e., change-deafness) changes. Adapted from [8] with permission from Elsevier. Across these various studies, early negativities (EN) are present or enhanced
during conscious perception, and are viable candidates for true NCCs. Late positivities (LP) may reflect post-perceptual processes related to performing detection,
discrimination, or reporting tasks. Abbreviations: FC5, left fronto-central electrode; FCZ, midline fronto-central electrode; O1, left occipital electrode; P3, left parietal

electrode; POZ, midline parieto-occipital electrode; PZ, midline parietal electrode.

Despite this recent progress, a key question that has not
been addressed is to what extent these auditory NCCs
reflect conscious perception, as opposed to pre-conscious or
post-perceptual activity [2]. Long-latency sensory activity
in AC around 100 ms (similarly to responses with around
150-300 ms latencies in vision) appears to be a prime
candidate for a true NCC because it is consistently found
across studies, even under different task and response
demands, whereas late positive activity in frontal and
parietal areas is more likely to reflect cognitive operations
involved in carrying out the discrimination or reporting
tasks. Some caution is required, however, because it is well
known that the long-latency sensory responses are strong-
ly modulated by attention [4]; it is therefore possible that
some of the NCCs found in previous studies reflect subtle
differences in auditory attention between detected and
undetected conditions instead of perceptual awareness
per se.

Auditory versus visual NCCs: same or different?

NCCs are frequently observed in sensory and association
cortices for both vision and hearing. The similar laminar
structure and high degree of integration across the neocor-
tex leaves open the possibility that auditory and visual
conscious perceptions rely on similar mechanisms and over-
lapping circuitry. MEG and ERP studies suggest a very
similar sequence of events: intact early sensory responses
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regardless of perceptual awareness, followed by long-laten-
cy waves (negative potentials in ERP studies) that are
enhanced or only present during conscious perception,
and finally late positivities that only occur when subjects
are tasked with reporting conscious perceptual content.
Figure 1 demonstrates some of the similarities between
visual and auditory NCCs across three common paradigms.

Although most studies to date suggest a combination of
distinct and shared neural signatures of perceptual aware-
ness across sensory modalities, it is important to consider
the specific contrasts made in each individual study. Para-
digms designed to isolate neural correlates of the contents
of consciousness are likely to find different neuroanatomi-
cal sources for auditory versus visual NCCs. By contrast,
studies that are able to isolate neural mechanisms that
bring these contents into awareness, which may be a
distinct process, could reveal overlapping neural sources
between auditory and visual modalities. For example, if
conscious perception results from specific types of interac-
tions between attentional mechanisms and perceptual
representations, some of the attentional aspects of this
interaction may be domain-general (e.g., dorsal/ventral
attention networks), whereas others may be domain-spe-
cific (auditory/visual perceptual representations). It will be
important to carefully dissect these interactions with tar-
geted manipulations in future studies. Outstanding ques-
tions are listed in Box 1.



Box 1. Outstanding questions

e To what extent is the auditory awareness-related negativity
related to the visual awareness negativity (see ‘EN’ effects in
Figure 1), and can either of these be isolated from attention-
related activity (or other precursors of consciousness)?

e What portions of auditory cortex are activated differentially

depending on awareness of stimulus presence/absence, aware-

ness of specific perceptual details, and awareness of changes in
perceptual content?

What is the role of late activity in frontal and parietal circuits

(indexed by late positive responses) in auditory and visual

awareness, and are the same frontal and parietal regions activated

across the two modalities?

e To what extent do auditory and visual cortices interact before,
during, and after conscious perception of objects when auditory
and visual information about an object arrive simultaneously?

e Are individual differences in conscious perception stable across
sensory modalities — for example, the severity of change-
blindness/deafness, susceptibility to inattentional blindness/deaf-
ness, switching-rates for bistable stimuli, or perceptual thresholds
for masking?

e In what situations are auditory NCCs more useful than visual
NCCs for assessing the integrity of consciousness in clinical
populations with disorders of consciousness, and in what ways
can auditory NCCs be used to enable communication with people
suffering from severe brain damage?

Concluding remarks

Extending work on visual NCCs into the auditory do-
main shows potential to offer unique insight from both a
methodological and theoretical perspective. As experi-
mental paradigms continue to be refined, future studies
should attempt to carefully control for attention and
task-related confounds, and consider testing the same
participants on closely matched auditory and visual
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tasks to allow more direct comparisons of NCCs across
sensory modalities.
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The contagion model of emotional propagation has
almost become a dogma in cognitive science. We turn
here to the evolutionary approach to communicative
interactions to probe the limits of the contagion model.

The appeal of the contagion model

According to much recent work in cognitive social neuro-
science, the propagation of emotions between individuals
is essentially a replicative process variously termed
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‘contagion’, ‘resonance’, ‘sharing’, ‘mirroring’, and ‘direct
matching’ [1]. The currently prevalent contagion model of
emotional propagation is a two-step model: first, the per-
ception of another’s expressive behavior automatically
causes the observer to covertly replicate the agent’s behav-
ior. Second, the covert replication of the agent’s behavior
automatically causes the observer to share the agent’s
affective or emotional state [1,2]. Interestingly, one may
trace the early emergence of this contagion model to Gus-
tave Le Bon’s epidemiological approach to crowd psycholo-
gy [3] (Box 1).

What makes this parsimonious model appealing is that
it offers the prospect of a unified account of human social
cognition along the following lines. When an agent per-
forms a goal-directed instrumental action, her intention
can be construed as the cause of her bodily movements.

297


http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0065
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0065
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0075
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0075
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0080
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0080
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0080
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0085
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0085
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0090
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0090
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0095
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0095
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0095
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0100
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0100
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0100
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0105
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0105
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0105
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0110
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0110
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0110
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0115
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0115
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0120
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0120
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0070
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0070
http://refhub.elsevier.com/S1364-6613(15)00076-5/sbref0070
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tics.2015.03.011&domain=pdf
http://dx.doi.org/10.1016/j.tics.2015.03.011
mailto:guillaume.dezecache@gmail.com

	Testing domain-general theories of perceptual awareness with auditory brain responses
	Neural correlates of consciousness
	Recent progress in auditory awareness research
	Auditory versus visual NCCs: same or different?
	Concluding remarks
	Acknowledgments
	References

	Emotional contagion: its scope and limits
	The appeal of the contagion model
	Is emotional propagation always replicative?
	What is the function of emotional displays?
	Concluding remarks
	Acknowledgments
	References


