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The interplay between attention and consciousness is frequently tested in altered states of

consciousness, including transitions between stages of sleep and sedation, and in patho-

logical disorders of consciousness (DoC; the vegetative and minimally conscious states;

VS and MCS). One of the most widely used tasks to assess cognitive processing in this

context is the auditory oddball paradigm, where an infrequent change in a sequence of

sounds elicits, in awake subjects, a characteristic EEG event-related potential called the

mismatch negativity, followed by the classic P300 wave. The latter is further separable

into the slightly earlier, anterior P3a and the later, posterior P3b, thought to be linked to

task-irrelevant “bottom-up” and task-oriented “top-down” attention, respectively. We dis-

cuss here the putative dissociations between attention and awareness in DoC, sedation

and sleep, bearing in mind the recently emerging evidence from healthy volunteers and

patients. These findings highlight the neurophysiological and cognitive parallels (and dif-

ferences) across these three distinct variations in levels of consciousness, and inform the

theoretical framework for interpreting the role of attention therein.

Keywords: attention and awareness, arousal, mismatch negativity, P300, disorders of consciousness, sleep,

sedation

INTRODUCTION

In the study of auditory attention and awareness using electro-

physiology, there is a rich body of scientific literature on the

mismatch negativity (MMN) and the P300 components observed

in the event-related potential (ERP). They are widely regarded

as markers of key stages in the information processing hierarchy

leading up to conscious perception. The first neural signature –

the MMN – is a frontocentral negative deflection in the ERP (see

Figure 1A), peaking at around 120–220 ms after the presenta-

tion of an “oddball” deviant auditory stimulus embedded within a

stream of standard auditory stimuli (Näätänen, 1992). The MMN

is often depicted as a difference wave computed by subtracting

out the response to the standard stimuli from the deviant stim-

uli (Sams et al., 1985). In its traditional definition, it is seen as a

correlate of the triggering of automatic pre-attentional “reorient-

ing” to the deviant (Näätänen et al., 1978; Näätänen and Michie,

1979; Näätänen, 1990; Alain et al., 1994), though it is known to be

modulated by attention (Alain and Woods, 1997; Woldorff et al.,

1998; Näätanen et al., 2007) and might be influenced by recur-

rent feedback activation from frontal areas (Garrido et al., 2007,

2009).

Since the original reports of the MMN (Näätänen et al., 1978)

there has been a significant amount of experimental work probing

modulations of the MMN in a variety of settings (see Näätanen

et al., 2007 for a review). The general conceptual picture that has

emerged suggests that the MMN in fact reflects changes in a contin-

ually updated context-sensitive auditory memory trace (Winkler

et al., 1996; Sussman and Winkler, 2001). One of the main reasons

for the sustained empirical interest in the MMN is that it provides

researchers access to pre-conscious processing of temporal struc-

ture in auditory information beyond the basic sensory stage, but

before it benefits from the spotlight of attention or enters con-

scious perception. Crucially, because of this property, researchers

have found the MMN to be valuable in a clinical setting, to probe

the abnormalities in auditory processing resulting from neurologi-

cal dysfunction, and also to track the process of recovery therefrom

(Wijnen et al., 2007). Alongside, evidence from sleep and seda-

tion has shown that under certain conditions, the MMN can also

be elicited in these states of behavioral unconsciousness (Atienza

et al., 2002; Koelsch et al., 2006).

The P300 ERP component is the most widely studied EEG

evoked potential signature in cognitive electrophysiology. The evi-

dence in this regard commonly identifies it as positive deflection

peak approximately 250–400 ms post-target, serving as a marker

of conscious perception of salient events or stimuli (Sutton et al.,

1965, 1967). Depending on the experimental context, it is also seen

to be associated with target stimulus consolidation and working

memory updating (see Donchin, 1981; Donchin and Coles, 1988;

but also see Verleger, 1988). The P300 can often be considered

to include two distinct subcomponents, the P3a and the P3b (see

Figure 1B). The frontally centered P3a (usually peaking at 250–

300 ms) is known to be elicited in a“bottom-up”manner, by novel,

unpredictable stimuli, even if they are irrelevant to the task being

performed (Courchesne et al., 1975; Squires et al., 1975). Though
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FIGURE 1 | Mismatch negativity (MMN) and P300 in healthy awake

adults. (A) MMN evoked by 1032 Hz deviant tones (20% probability), when

compared to 1000 Hz standard tones. Adapted from Sams et al. (1985). (B)

P3a and P3b evoked by 500 Hz non-target and 2000 Hz target tones (each

with 10% probability), presented amongst 1940 Hz standard tones. Adapted

from Comerchero and Polich (1999).

in many ways the P3a is related to the MMN, it is considered to

index a distinct attention-driven process of stimulus evaluation. In

this sense, it can be seen as a correlate of the process that accompa-

nies the reorienting of involuntary attention, having been triggered

by processes indexed by the MMN (Schröger, 1996; Escera et al.,

2001; Ranganath and Rainer, 2003).

In contrast to the P3a, the more posterior, later P3b (peaking at

around 300–350 ms) is thought to index the “top-down” deploy-

ment of selective attention to stimuli deemed as task-relevant, and

their subsequent entry to conscious awareness and working mem-

ory (Kok, 2001; Polich and Criado, 2006). Like the MMN, these

ERPs have been found to convey valuable information in a clini-

cal setting, leading to applications that have informed a variety of

applied questions regarding the nature of perceptual processing in

impaired brains (Polich and Herbst, 2000; Polich, 2004; Duncan

et al., 2009).

In this review, we highlight findings in the literature that

discuss the role of the MMN, P3a and P3b in furthering our

understanding of the interplay of attention and consciousness

at varying levels of arousal and wakefulness. Importantly, we

discuss results from studies involving patients in disorders of

consciousness (DoC), a collective term commonly applied to the

vegetative and minimally conscious states (VS and MCS, respec-

tively). These studies have tried to connect these ERP components

observed in patients to their diagnosis and prognosis. Histori-

cally, rates of misdiagnosis amongst patients in the vegetative

state, conventionally based on purely behavioral metrics, have

been disturbingly high (Schnakers et al., 2009). Given that the

MMN and P300 ERPs can be evoked with auditory stimulation

reasonably easily, and with relatively short passive experiments,

they were the first to be applied in DoC research, with the aim of

improving diagnosis and prognosis. In conjunction, we discuss

MMN and P300 findings relating to attention and conscious-

ness in the context of sleep and sedation, addressing the long-

standing questions regarding the level of processing attainable

with volunteers considered to be in non-pathological unconscious

states.

THE MMN AND P3a IN DISORDERS OF CONSCIOUSNESS

Over the last decade, there have been many cohort studies of the

prevalence of the MMN and P300 ERPs in patients diagnosed as

being in VS and MCS states. Similar in design to studies involving

comatose patients (see Daltrozzo et al., 2007 for a meta-analysis),

the experimental paradigms in this context have typically used

auditory deviant/oddball stimuli, ranging from simple tones to

complex stimuli like the patient’s own name to evoke the MMN

(Figure 2A) and/or P3a (Figure 2B) in DoC (Rappaport et al.,

1991; Marosi et al., 1993; Witzke and Schönle, 1996; Lew et al.,

1999, 2003; Jones et al., 2000; Kotchoubey et al., 2001, 2005;

Kotchoubey, 2005a; Perrin et al., 2006; Wijnen et al., 2007; Qin

et al., 2008; Fischer et al., 2010; Cavinato et al., 2011) Indeed, some

of these studies report evidence of relatively late, parietally (in elec-

trode space) focused P300 responses in some patients, suggestive

of some level of awareness of the deviant stimuli. Furthermore,

some of these studies have also demonstrated a convincing link

between the detection of these ERPs and a positive prognosis for

the patient (Lew et al., 2003; Kotchoubey et al., 2005; Wijnen et al.,

2007).

This pattern raises interesting questions about the inter-

relationship between the neural processes generating these ERPs

and how they feed into conscious awareness. More specifically,

the temporally predictive link between the MMN/P3a and even-

tual recovery of consciousness highlights some key aspects of the

relationship between attention and awareness in coma and DoC.

Firstly, and mostly obviously, the deeper processing of deviants

that elicits the MMN/P3a is distinct from, and may not nec-

essarily result in conscious awareness of the stimuli. In normal

volunteers, a functionally equivalent experimental outcome is usu-

ally constructed by setting up another distracting, attentionally

demanding task while the subject listens to streams of auditory

stimuli with deviants. In such cases, though clear MMNs/P3a ERPs

might be elicited, the subject usually does not have a rich conscious

awareness of the deviants (Müller et al., 2002; Muller-Gass et al.,

2007). Hence, the relative automaticity with which these ERPs can

be evoked in volunteers implies that the presence of MMN/P3a in
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FIGURE 2 | Mismatch negativity (MMN) and P300 in disorders of

consciousness. (A) MMN elicited in a VS patient by 247 Hz deviant tones

(10% probability) relative to 440 Hz standard tones. Adapted from

Kotchoubey et al. (2005). (B) P3a elicited in MCS patient by rare sinusoidal

tones (20% probability). Adapted from Bekinschtein et al. (2009). (C) P3b

generated by MCS patient when counting task-relevant, unfamiliar target

names presented amongst other unfamiliar names. Adapted from

Schnakers et al. (2008).

many DoC patients does not inform the question of whether they

were aware of the stimuli. Indeed, it is unlikely that most patients

were conscious of them, given the severity of their neurological

and clinical dysfunction as recorded by behavioral evaluations.

The second, more difficult question raised by these findings

in the DoC literature relate to the underlying mechanisms of the

positive link between MMN/P3a responses and later chances of

recovery. Indeed, Wijnen et al. (2007) regularly tracked longitu-

dinal changes in the MMN elicited by VS patients for an average

of 3.5 months, and found that its amplitude correlated with pro-

gressively improving behavioral indices of recovery. Furthermore,

the MMN amplitude reached near-normal levels around the time

patients started to show inconsistent command-following, and

preceded the observation of behavioral markers indicating a reli-

able recovery of consciousness. This evidence suggests that, though

attention and consciousness are distinct phenomena, the cognitive

processes and neural mechanisms of which they are comprised

might share much in common. Certainly, networks that subserve

attentional processing seem to be able to assist in the rehabil-

itation of those involved in generating the re-entrant feedback

considered to be vital for conscious awareness (Boly et al., 2011a).

Although the validity of these results have been debated (Boly

et al., 2011b; King et al., 2011), a deeper understanding of these

processes would help disambiguate the relationship between atten-

tion and awareness, and how they interact at different levels of

consciousness.

THE P3b IN DISORDERS OF CONSCIOUSNESS

Building upon the oddball P300 studies highlighted in the previous

section, some recent studies have attempted to explicitly dissoci-

ate levels of attentional processing in DoC (Schnakers et al., 2008;

Bekinschtein et al., 2009; Faugeras et al., 2011). To do so, they

have relied on the consensus that the P3b is seen as a marker

of task-relevant, conscious processing of auditory information

(Polich, 2007). Bekinschtein et al. (2009) and Faugeras et al.

(2011) employed a paradigm consisting of series of tone sequences

containing a two-level structure of occasional irregularities: short-

term (“local”) violations within a five-sound sequence, and long-

term (“global”) violations of the expectancies of such sequences.

Importantly, in control subjects, local violations only evoked early

frontal MMN/P3a. In contrast, global violations, which were coun-

terbalanced to be completely independent of psychophysical stim-

ulus properties, were indexed by a later, parietal P3b, but only when

the subject was aware of the long-term structural regularities in

the stimuli and was attending to them. Amongst DoC patients,

qualitatively similar patterns were observed in some VS (Faugeras

et al., 2011) and MCS patients (Bekinschtein et al., 2009). Further-

more, in both studies, the minority of patients who appeared to

show an awareness of the global pattern violation also showed pos-

itive signs of recovery. These findings suggest that such awareness is

strong indication of preserved networks that support the regaining

of behaviorally evidenced consciousness. Recently, Faugeras et al.

(2012) reported results from a large cohort of DoC patients tested
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with this paradigm. Their findings corroborate the link between

the existence of a global effect and behaviorally measurable con-

sciousness (or subsequent recovery thereof), and with evidence of

stimulus expectancy and learning effects.

Schnakers et al. (2008) went further and employed an “active”

ERP paradigm with DoC patients, where their responses to

context-dependent task instructions were measured. Specifically,

they compared the P3b elicited across a pair of conditions: one in

which patients were asked to passively listen to their own name

or a pre-specified target name embedded in a sequence of unfa-

miliar names, and another in which they were asked to count

the occurrence of their own name or pre-specified target names.

They found that 9 out of 14 MCS patients generated larger P3b

amplitudes when asked to count the target names (their own or

unfamiliar) as compared to just listening to them (see Figure 2C).

They took this finding to imply that, to some extent, the patients

were able to exercise task-selective attentional control to follow the

task instructions.

These studies demonstrate that some patients appear to be

able to demonstrate the ability to deploy selective attention in

a task-contingent manner. This is because, in healthy controls,

they explicitly disambiguate P300 responses that could only be

attributed to endogenous attentional control and awareness of

task-related contingencies, from those that could be generated by

differential stimulus probabilities (Polich and Kok, 1995). How-

ever, despite this, the question still remains as to whether the same

or even something similar can be inferred about patients. More

specifically, as highlighted by Overgaard (2009) in the distinction

between “reports” and “signals,” there is still the unresolved ques-

tion about the extent to which finding evidence of an endogenous

attentional control signal like the P3b in a patient can be used

to infer the presence of reportable conscious content. Previous

research with healthy participants has found striking examples

of dissociations between attention and consciousness, showing

that these two processes, though often coeval, can indeed be sep-

arated under appropriate conditions (Koch and Tsuchiya, 2007;

Koivisto et al., 2009). Such subtle dissociations are challenging

to measure in patient populations with the passive paradigms

discussed here. Addressing such issues with DoC patients might

require complementary evidence from active tasks, and perhaps

measurements of their metacognitive understanding of stimulus

perception. Distinct from, but as important as these theoretical

issues, is the clinically relevant question of why, in the significant

minority of patients able to deploy endogenous attention, there

was a disconnection between their covert cognitive abilities and

overt behavioral signs of awareness. As before with the MMN,

future research will need to explore in greater depth, how and why

such attentional control predicts recovery of consciousness.

THE MMN AND P300 IN SLEEP

The research into ERPs evoked during various stages of sleep in

healthy adults sheds light on how altered states of consciousness

affect the attention and awareness of external stimuli (Atienza

et al., 2001; Campbell and Colrain, 2002). The consensus often

expressed is that there is no evidence for the MMN or the P300

in stage 2 sleep (Loewy et al., 1996, 2000; Cote, 2002; Col-

rain and Campbell, 2007). K-complexes appear to be the main

evoked potentials observed (Bastuji et al., 1995), in addition to

delayed evoked potentials that are functionally dissimilar to the

MMN/P300 (Nielsen-Bohlman et al., 1991; Van Sweden et al.,

1994; Nordby et al., 1996). Evoking an MMN in this sleep stage

has required the use of hyper-salient stimuli, involving very rare,

extremely deviant stimuli. Similarly evocative stimuli, like the

subject’s own name, are required to trigger a P300 in stage 2

sleep (Perrin et al., 1999). However, it is worth noting that such

responses appear to be non-selective, as they have been observed

even for other names and repetitive tones (Bastuji et al., 1995;

Perrin et al., 1999, 2000). Furthermore, it has been argued that

emotionally charged names might be processed quite differently

to neutral words (see Bastuji et al., 2002 for a discussion). Indeed,

N400 ERPs can be elicited using semantically incongruent neu-

tral words during stage 2 sleep (Brualla et al., 1998; Perrin et al.,

2002), and sentences (Ibáñez et al., 2006), though these too suggest

diminished discriminative abilities.

Alongside these findings, studies into the transitions between

sleep stages have found that the amplitude of the P300 reduces in

sync with arousal levels of participants, and their ability to generate

any behavioral responses (Sallinen and Lyytinen, 1997). This fits

well with our understanding of the P300 as a reliable marker of in-

depth, conscious processing of external stimuli. Generally speak-

ing, findings of reductions in amplitudes of late ERPs are keeping

in with the notion that falling asleep is marked by a global decrease

in long-range thalamo-cortical connectivity occurring in the early

stages of the process (Magnin et al., 2010; Goupil and Bekinschtein,

2011; Sämann et al., 2011). There is some recent fMRI evidence

suggesting that cortico-cortical connectivity during sleep might

remain consistent across sleep stages (Koike et al., 2011), and even

increase during light sleep (Spoormaker et al., 2010). However,

the implications of these findings for our understanding of the

changes in ERPs during sleep remain to be explored.

Event-related potentials elicited during REM sleep present quite

a different picture to sleep stage two and deep sleep. Researchers

have found significant MMNs (see Figure 3A) to rare, deviant

stimuli in REM sleep (Sabri and Campbell, 2005; Sculthorpe

et al., 2009). These findings are taken to imply that though fine-

tuned attentional focusing and gating might not be available in

REM sleep, covert, pre-attentional monitoring of temporal audi-

tory information is nevertheless functional. However, the greatly

reduced acuity of such a monitoring system is reflected in the

variability of MMN-related results reported in literature (see

Kotchoubey, 2005b for review). Atienza et al. (2002) expressed the

general consensus that MMNs are observable in REM sleep, but

only under more constrained experimental settings, i.e., very rare

deviations in pitch occurring in tone sequences with inter-stimulus

intervals less than 1.5 s.

Similarly, P300s to salient stimuli have also been observed in

REM sleep (Cote and Campbell, 1999; Cote et al., 2001). Cote

et al. (2001) used rare pitch and intensity deviant tones to elicit

the equivalent of a P3a in REM sleep (see Figure 3B). Interestingly,

they found that when wake subjects were not attending to the tone

stimuli, only the hyper-salient (very loud and very rare) deviants

elicited a frontal P3a. Similarly, the P3a observed during REM sleep

was also elicited only by such strong deviants, and had a similar

latency (though it was reduced in amplitude, and did not have
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FIGURE 3 | Mismatch negativity (MMN) and P300 in sleep. (A) MMN

observed during REM and Non-REM sleep by deviants (6.7% probability)

embedded in alternating tone sequences. Adapted from Sculthorpe et al.

(2009). (B) P300 observed during REM sleep by intensity deviants (5%

probability). Adapted from Cote and Campbell (1999). (C) Occipital P400

observed during tonic REM sleep only in participants instructed to respond to

2000 Hz deviant tones (10% probability) presented amongst 1000 Hz standard

tones. Adapted from Takahara et al. (2006).

the characteristic frontal topography of the waking P3a). Based

on this parallel between inattentive wakefulness and REM sleep,

the authors suggest that though their subjects might have been

able to “consciously” detect the deviants in REM, they were unable

to attend to, or perceive them to an extent deep enough to form

rich memories or be woken up. In this sense, REM sleep could be

an example of an altered state of consciousness displaying a rare

disjunction between attention and (semi-)conscious awareness.

In a more recent study, Takahara et al. (2006) modulated

endogenous attentional bias in a study employing auditory tone

streams with rare frequency deviants played to participants dur-

ing REM sleep, over two overnight recording conditions. During

the “passive” condition, participants were asked to passively lis-

ten to the tones, while in the other “active” condition, they were

asked to attend to the auditory streams and respond with a finger

movement whenever they detected a deviant. The authors found

a significantly larger, occipitally focused P400 ERP in the latter

condition (see Figure 3C). They interpreted this ERP as a delayed,

spatially shifted P3b manifested during REM sleep, which indexed

endogenous task-selective attention focused on the deviants. It is

worth noting that such P400s were only observed during tonic

REM sleep. A similar tonic “REM-P3” has been documented by

Sallinen et al. (1996) in response to deviants in a standard oddball

study. This finding, if successfully replicated, would be in contrast

to findings from previous studies, and suggests that subjects might

retain some amount of attentional control even during REM sleep.

THE MMN AND P300 IN ANESTHESIA

The effect of sedatives on brain dynamics is known to be complex

and differentiated (Heinke and Koelsch, 2005). Brain regions are

affected in different ways by different anesthetics used in clinical

medicine, and also by their dosage levels. But in general, they are

thought to affect the brain in a manner that is functionally similar

to sleep: by disrupting long-range interactions across key dis-

tributed networks that subserve conscious perception (Stamatakis

et al., 2010).

Though the literature on ERPs in anesthesia is relatively sparse,

many studies of the effect of anesthetics on the MMN have doc-

umented a decrease in amplitude. Increasing levels of the anes-

thetic propofol were associated with decreasing MMN amplitudes

elicited by an auditory oddball paradigm (Heinke et al., 2004). At

unconsciousness, the MMN was completely abolished. In fact, it

has been reported that the MMN is abolished even before the sub-

jective loss of consciousness (see Figure 4A; Simpson et al., 2002).

Early measurements of changes in the P300 have also shown a

similar pattern. Several studies have documented dramatic drop-

offs in P3a amplitudes as subjects were progressively sedated, with

complete abolishment at unconsciousness (Plourde and Boylan,

1991; Sneyd et al., 1994; Reinsel et al., 1995).

In the context of this review, studies that have investigated the

onset of and recovery from sedation provide interesting insights

into the complex influence of anesthetics on the interaction

between attention and consciousness. Plourde and Picton (1991)

tested patients who were anesthetized for surgery, at different

stages: during induction of anesthesia, while in surgical anesthe-

sia, during emergence from sedation, and during recovery from

anesthesia. All through, participants were asked to press a button

whenever they heard the rare, unpredictable frequency deviant

presented within an oddball task. The authors reported finding a

significant P300 whenever participants correctly detected a deviant

during the first induction and final recovery stages. They point out

that during the emergence stage, participants were able to open
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FIGURE 4 | Mismatch negativity (MMN) and P300 in anesthesia. (A)

MMN elicited at different levels of consciousness by 25 ms tones (15%

probability) presented amongst 75 ms tones. Adapted from Simpson et al.

(2002). (B) P3a observed for task-relevant timbre deviants (6.67%

probability), alongside an absence of P3b during deep sedation. Adapted

from Koelsch et al. (2006).

their eyes on command, but did not generate P300s, and in fact,

were unable to correctly detect deviants most of the time. This

finding has parallels with a more recent study by Koelsch et al.

(2006), where participants were first trained to press a button

only in response to deviants of timbre, but not frequency in an

oddball paradigm, and then induced into a level of “deep seda-

tion” using propofol. In this state of anesthesia – shallower than

surgical anesthesia – participants were behaviorally arousable by

loud/repeated utterances of their own name, or by mild prodding.

The study found that both MMN and P3a ERPs were elicited dur-

ing deep sedation, though they were attenuated (see Figure 4B).

However, the P3b was absent during this period. As participants

recovered from sedation, the MMN increased back to normal lev-

els immediately, but neither the P3a nor the P3b were visible.

The authors interpret this dissociation to imply that though pre-

attentive auditory sensory mechanisms returned back to normal

as soon as participants were able to respond behaviorally, more

late-stage attentional and awareness-related processed indexed by

the P300 took much longer to recover. As argued by van Hooff

et al. (1997), these results support the notion that the effect of

anesthesia on cognitive ERPs, including the MMN and the P300

has many similarities to that of stage 2–3 sleep.

GENERAL DISCUSSION

In this review, we have attempted to bring together a broad range of

findings in the scientific literature that sheds light on the interplay

between attention and consciousness by studying the impaired

brain in action. These impairments, namely, clinical DoC, natural

sleep, and sedation, can be considered as three distinct variations

in the levels of consciousness in which cognition can exist. In

particular, we suggest that by causally inducing changes between

these levels, as in the case of sleep and sedation, we can improve

our understanding of the profound neurological dysfunction seen

in DoC and their impact on attention and consciousness.

Of course, this is not to say that we can draw direct parallels

between data or findings from states in sleep or sedation, and

states in DoC. For one thing, even within such disorders, loss

of consciousness arises due to a range of very different etiolo-

gies, including hypoxia, stroke and traumatic brain injury. Patients

progress through different paths of recovery, which tend to depend

not only on this etiology but also on their age and rehabilitative

support they might receive. Hence, when assessing a patient at a

particular point in time post-ictus (i.e., after the occurrence of

the incident that induced the DoC), it is difficult to make accurate

judgments about the nature of their cognitive processes based sim-

ply on behavior. As mentioned earlier, a high rate of misdiagnosis

has been prevalent, leading to troubling ethical issues for clini-

cal medicine (Schnakers et al., 2009). Though electrophysiology,

beginning with measurements of ERPs, has begun to elucidate

the nature of cognitive dysfunction in DoC and even produce

compelling evidence of awareness in some patients (Cruse et al.,

2011a,b; Goldfine et al., 2011), it is still difficult to draw conclu-

sions for diagnosis or prognosis at a single patient level, because of

the large number of factors contributing to the variability observed

in patient data.

Consequently, any parallels that are highlighted between sleep,

sedation, and DoC in this article are qualified with respect to the

level of explanation at which they are addressed. Translating such

general patterns to inform the diagnosis of patients with their

unique histories will depend on ongoing research to delineate both

the nature and extent of the individual variability in the findings.

Nevertheless, as neuroimaging, and in particular EEG findings

from ever larger cohorts of patients accumulate, some broad pat-

terns have emerged more consistently. By linking these patterns
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to findings from research into sleep and anesthesia, we can draw

some generalizations about the interplay between attention and

consciousness:

1. A considerable amount of pre-attentive and early, bottom-up

attentive processing can be accomplished in the brain in the

absence of rich, memorable conscious experience. This well-

established fact, in the current context, is backed up by a wealth

of ERP literature from sleep and sedation, and implies that

observing similar ERPs in DoC patients does not provide strong

evidence either way about the level of their consciousness.

2. Nevertheless, evidence of extant pre-attentive processing in

seemingly unconscious patients is predictive of delayed overt

behavioral recovery. In addition, the complete lack of any early

pre-attentive processing of stimuli is often prognosticative of

poor chances of recovery.

3. A significant minority of behaviorally unresponsive patients

appear to be able to deploy selective attention to task-relevant

stimuli, and generate ERPs suggesting that they might retain

some form of awareness. This is complemented by evidence

from sleep and sedation: apparently unconscious subjects in

stage 2 (and deeper) sleep and in surgical sedation do not show

similar ERP signs of awareness (with the exception of REM

sleep phases).

4. During sleep and sedation, an interesting dissociation occurs

between attention and consciousness. During deep (but not

complete) sedation, some pre-attentive processing and bottom-

up attentional orienting is spared. In contrast, task-selective

endogenous processing seems to be abolished not only during

sedation, but also during the recovery phase, where the subjects

consciously respond to stimuli but produce no P300s. This is

in contrast to REM sleep, where such processing seems to be

diminished but functional.

5. Many patients in DoC show ERP signs of being in inter-

mediate stages of cognition involving partial and temporally

fluctuating dissociations between pre-attentive, post-attentive

processes and conscious experience. Though they might be

physically arousable, and be able to attend to certain stimuli,

they might not have detailed spatial, temporal or self conscious-

ness. Though this is currently speculative, behaviorally and

in terms of their ERPs, DoC patients could be thought of as

being in cognitive states similar to REM sleep or intermediate

sedation. However, this comparison is currently very limited

in its detail, and should be qualified in terms of the level of

abstraction at which it is valid.

CONCLUSION

In this article, we have aimed to bring together the relevant

ERP literature on altered states of consciousness, including DoC,

sleep and sedation, which speak to questions about the inter-

play between auditory attention and consciousness. The findings

presented here have highlighted examples of unique disconnec-

tions between these often tightly intertwined processes, providing

valuable insights into the underlying nature of the behavioral

states these disengagements can produce. In particular, we have

focused on question of how parallels between findings from stud-

ies into sleep and sedation can inform our understanding about

cognitive processing and the nature of conscious experience in

DoC, while emphasizing the divergences that warrant further

study.
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