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Purpose of review

The aim of this article is to review recent behavioural and neuroimaging studies in anaesthesia and the

vegetative state.

Recent findings

These studies highlight possible dissociations between consciousness and responsiveness in both these states.

Summary

We discuss future avenues of research in the field, in order to improve the detection of awareness during
anaesthesia and the vegetative state using neuroimaging and neurophysiologic techniques.
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INTRODUCTION

Consciousness has been defined as ‘what abandons
us every night when we fall into dreamless sleep’ [1].
This definition has relevance for anaesthesia, as
both patients and anaesthesiologists assume that
general anaesthesia is associated with unconscious-
ness similar to a dreamless sleep [2®"]. It has also
relevance for the vegetative state (VS), wherein
clinicians and family members wish to detect any
ability to be aware in behaviourally unresponsive
patients [3].

DETECTING AWARENESS UNDER
ANAESTHESIA AND IN THE VEGETATIVE
STATE

We regard consciousness as a process that encom-
passes awareness of the environment and internal
states such as dreaming or pain. A primary aim of
anaesthesia is to prevent the experience of surgery;
this may be achieved through inducing uncon-
sciousness. However, it has also been argued [2*%]
that some forms of internal consciousness may be
acceptable during anaesthesia if it is associated
with dreaming unrelated to the surgery (with
the exception of rare dysphoric experiences).
This has led to description of the term connected-
ness to distinguish experience triggered by an
external event (‘consciousness connected to the
environment’ such as wakeful consciousness) from
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internally generated experiences (‘consciousness
disconnected from the environment’ such as
dreaming). Critically for anaesthesia, consciousness
(such as a dream) can occur without experience of
external stimuli that may include surgery.

In VS, the goal of accurately detecting the
presence of consciousness is different. UK laws
defined the VS as ‘a clinical condition of unaware-
ness of Self and Environment’ and allows treatment
withdrawal of thoroughly clinically documented
VS. Indeed, the law states: ‘It is declared that despite
the inability of a patient to give a valid consent, [...]
the responsible medical practitioners may lawfully
discontinue all life-sustaining treatment and
medical support measures (hydration by artificial
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KEY POINTS

o Studies reveal 40% misdiagnosis of behavioural
unresponsiveness, both under anaesthesia and in the VS.

e Lack of spontaneous movement also misdiagnoses
unconsciousness in 17-28% both under anaesthesia
and in the VS.

e To date, current clinical electroencephalographic
markers of awareness still fail, both under anaesthesia
and in the VS.

e To advance the field, a mechanistically grounded
‘consciousness-meter’ is needed.

means) designed to keep the patient alive in his
existing permanent VS'. In the case of VS, detecting
environmental connectedness and the possibility
for responsiveness is also desirable, in order to pro-
vide appropriate analgesic treatment and to attempt
to establish communication with the patient.
Detecting consciousness in a nonresponsive patient
is also likely to have deep consequences in his/her
daily care. In a recent survey of attitudes towards
end of life in noncommunicative patients [4], 67%
of medical and paramedical personnel stated that
end-of-life was acceptable for unaware VS patients,
but only 30% stated that is was acceptable in
minimally conscious state (MCS), wherein signs of
cognition are present. Finally, an accurate diagnosis
is crucial not only for daily management (particu-
larly, pain treatment) and end-of-life decisions,
but also has prognostic implications as patients in
MCS have more favourable functional outcomes as
compared to those in VS [5].

Currently, however, our ability to distinguish
consciousness from unconsciousness in anaesthesia
and VS is insufficient due largely to the difficulty
of behavioural assessment. Furthermore, even if no
behavioural signs of consciousness are present, new
evidence suggests that a significant proportion of
anaesthetized and VS patients can remain aware.
Finally, the present population-based markers of
brain activity designed to detect consciousness
in both these states are likely to be insufficient
to detect awareness in individual patients. We will
review these issues below in more detail and discuss
possibilities for further improvements.

FORTY PERCENT MISDIAGNOSIS OF
BEHAVIOURAL UNRESPONSIVENESS,
BOTH UNDER ANAESTHESIA AND IN THE
VEGETATIVE STATE

The use of neuromuscular blockade was introduced
into the practice of clinical anaesthesiology in the
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1940s and the ensuing paralysis precludes one
major sign of insufficient anaesthesia: spontaneous
patient movement. Although the absence of spon-
taneous behavioural responsiveness with paralysis
is often confused for unconsciousness, recent
studies using the isolated forearm technique (IFT)
have provided evidence of connected consciousness
and of the possibility of reproducible response to
command in anaesthetized patients — goal-directed
responsiveness [6]. In the IFT, a cuff on the arm
is inflated after anaesthesia is achieved, but before
neuromuscular blockade is induced. One of the
patient’s hands is, thus, not paralyzed, allowing
them to communicate through predefined hand
movements; however, interestingly, patients do
not move their hands spontaneously. Commands
administered during IFT are of the form: ‘If you
can hear me, squeeze my hand’ [7]. More complex
commands such as: ‘if you are comfortable, squeeze
my hand twice,” are also usually performed. In most
findings of positive IFT responses, the patient
shows intact cognition. However, patients showing
response to commands rarely present spontaneous
responsiveness. A recent Medline systematic review
of IFT studies [6] revealed positive responses in a
median of 37% of patients (range 0-100%). Even
recent studies with modern anaesthetic techniques
show a large proportion of patients responding
to command during IFT anaesthesia, which are
not reliably detected by electroencephalography
(EEG)-based anaesthesia monitors [8,9]. Fortunately,
IFT studies suggest that even in the presence of a
response to command, explicit episodic recall of
surgical events is infrequent [9,10]. Indeed, pros-
pective studies of awareness and recall reveal an
incidence of 0.1-0.2% [11,12,13"], suggesting that
intraoperative consciousness occurs significantly
more frequently than consciousness and episodic
memory formation. In sum, IFT data suggest
that behavioural responsiveness, as reflected by a
response to command, may occur during anaes-
thesia despite patients appearing spontaneously
unresponsive; the lack of spontaneous movement
does not inform us as to the conscious state of
the patient.

Behaviourally differentiating MCS from VS is
also challenging. Numerous behavioural rating
scales have been developed and validated to assess
the level of consciousness in MCS and VS [14].
However, the detection of voluntary behaviours is
often difficult because we can only infer the
presence or absence of consciousness based on
behaviours [3]. Signs of consciousness can easily
be missed due to the possible presence of sensory
and motor impairment, aphasia, or fluctuating
arousal levels in severely brain-damaged patients
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[15]. A recent study confirmed previous reports of
a very high rate of misdiagnosis in noncommuni-
cative patients, with 41% of patients erroneously
classified as VS based on clinical signs, whereas
formal behavioural assessment diagnosed MCS
[16]. This misdiagnosis, thus, occurs if one does
not use appropriate behavioural coma scales for
the patients’ behavioural assessment, even if the
caregivers are aware of the distinction between
clinical entities such as VS and MCS. The clinical
usefulness of different behavioural tools is also
variable [17]. Indeed, the John Fitzgerald Kennedy
Coma Recovery Scale-Revised (CRS-R [18]) is to date
the only scale that systematically incorporates
behavioural diagnostic criteria for MCS versus VS.
However, the reliability of behavioural assessment
using this scale is also dependent on the rater’s
previous experience with the use of this tool [19].
Finally, preliminary evidence suggests that accurate
detection of MCS depends not only on the scale
used, but also on the time spent behaviourally
assessing the patient [20].

LACK OF SPONTANEOUS MOVEMENT
MISDIAGNOSES UNCONSCIOUSNESS IN
17-28% BOTH UNDER ANAESTHESIA
AND IN THE VEGETATIVE STATE

Even if the usual primary aim of anaesthesia is
to suppress all forms of conscious experience,
dreaming frequently occurs in behaviourally un-
responsive patients. Recent studies indeed showed
an occurrence of dream reports in at least 27% of
patients anaesthetized with propofol and 28% of
patients undergoing desflurane anaesthesia [21].
Given the amnesia induced by these anaesthetic
agents, these data likely underestimate the real
prevalence of dreaming in these conditions. Impor-
tantly, in this recent 300-patient study, experience
of surgery was not described by any patient report-
ing anaesthesia-related dreams [21]. Of course it is
unclear when these dreams occur, and it appears
most likely that these remembered reports occur on
emergence from anaesthesia, though this does
not exclude the possibility of intraoperative dreams.
For this reason, as mentioned above, some authors
consider that anaesthesia-related dreams might not
be problematic if their content is unrelated to the
surgery [6]. Indeed, dreams are no longer regarded
as reports of near-miss awareness experiences [22].
In other words, disconnected consciousness might
be sufficient for a nontraumatic surgery. However,
to our knowledge, data concerning the psycho-
logical outcome of patients with or without dream-
ing during anaesthesia concomitant to surgery are
currently unavailable.
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Recent functional neuroimaging studies in
patients in VS also demonstrated that a significant
proportion of patients retained some awareness,
even if they seem at the bedside behaviourally un-
responsive. The neuroimaging paradigms allowing
us to detect this covert (connected) consciousness
ask participants to activate specific brain regions in
response to commands [23]. Using such a paradigm,
a recent functional MRI study [24] showed that
17% of patients who had been diagnosed as VS on
the basis of repeated clinical behavioural assess-
ments could respond to command, and were, thus,
in fact conscious. Using EEG at the bedside, a similar
approach [25] showed that 19% of a cohort of VS
patients was able to modulate their EEG responses to
command. Further studies are, however, needed
to confirm these results on larger patient groups
and using different analysis methods [26]. These
techniques have recently been extended to allow
two-way communication (‘yes’ and ‘no’ answers to
questions) with a limited number of nonresponsive
patients [24]. An important caveat of active para-
digms is the following: although the patients
responding to command are likely to be conscious,
nonresponsive patients in these paradigms might
also be conscious, but not recognized as such due
to the insensitivity of these methods to detecting
consciousness in the absence of the patient’s
collaboration [27]. In this context, it has been
shown that some MCS or locked-in syndrome
patients, who are conscious, can respond to com-
mands at the bedside, however, they occasionally do
not show task-relevant brain activation in response
to the instruction to perform the task [28]. This
finding reinforces the need for research on neural
correlates of consciousness (NCC) that do not
depend on the patients’ collaboration, in order
to reliably detect awareness in patients unable to
perform these active tasks.

CURRENT CLINICAL
ELECTROENCEPHALOGRAPHY MARKERS
OF AWARENESS FAIL, BOTH UNDER
ANAESTHESIA AND IN THE VEGETATIVE
STATE

Current EEG markers used in a clinical setting
for measuring brain activity during anaesthesia
currently fail to accurately detect the patients’ level
of consciousness. For example, the Bispectral
Index (BIS) has reproducibly been shown not to
be superior to end-tidal anaesthetic-agent concen-
tration monitoring in the prevention of anaesthesia
awareness [29,30]. Although the BIS prevented
awareness during total intravenous anaesthesia
with propofol [31], it does not reliably distinguish
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between patients responding or not responding to
command in studies using IFT during propofol
anaesthesia [8,32]. Finally, even if some rapid eye
movement-like electroencephalogram phenomena
(e.g. a loss of slow waves and spindles, and an
increase in higher frequencies) have been detected
during, for example, propofol-induced anaesthesia
[21], their precise relationship to anaesthesia aware-
ness or dreaming is currently unknown.

The BIS has also been recently tested as a clinical
measure of the level of consciousness in VS [33].
Even if a group-level difference was present between
VS and MCS, the BIS failed to separate these two
patient populations at the individual level. EEG
spectral characteristics in VS are also highly variable
[34]. A recent study from our group more precisely
showed that spontaneous EEG features, taken alone,
failed to differentiate MCS from VS at the individual
level [35].

In conclusion, despite the clinical need for
accurate diagnosis of consciousness in anaesthesia
and VS, at the individual level, high rates of
misdiagnosis persist, and clinical markers of brain
activity currently fail at the individual level. In both
cases, more neural markers of brain activity reliably
detecting consciousness are, thus, needed. The next
section will review potential candidates recently
emerging in the neuroscience literature, and discuss
their potential relevance and/or limitations for a
routine clinical use.

THE NEED FOR A MECHANISTICALLY
GROUNDED ‘CONSCIOUSNESS-METER’

Current approaches to detecting neural markers
of general anaesthesia are often empirical rather
than principled, that is, they compare the waking
to the anaesthetized state and identify differences.
However, this results in an ‘anaesthetic meter’ that
may be restricted to one or several drugs. What
is required for both anaesthesia and VS is a true
‘consciousness meter’ that is based in the neuro-
biology of consciousness and that follows a known
or putative NCC across different pharmacologic or
pathologic states. The safest approach to design
a clinical marker of consciousness that would be
widely applicable is to identify specific markers
of brain activity vanishing in all states of un-
consciousness, as compared to normal wakefulness,
and resuming to normal level during recovery of
consciousness. However, research aiming at identi-
fying NCC faces the problem that they can depend
on the physiological or pathological condition
generating the state of unconsciousness [27] and
may be confused with the behavioural response
used to validate the conscious experience [36].
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To overcome these limitations, a mechanistic
approach, searching for common abnormalities
in different unconscious states, is desirable [37].
Furthermore, we may also derive mechanistic
insight from studies of individuals possessing
normal consciousness. In order to be used in a
clinical setting, the measurements to be designed
have also to be portable, for example, they should
ideally be obtained using a few EEG electrodes [25].
In the perioperative setting, functional MRI and
metabolic measures are not currently feasible.
For clinical anaesthesiology, markers of NCC would
have to be amenable to real-time analysis and ideally
predict forthcoming changes in conscious level or
content. As such, we will focus our present review on
EEG, identitying possible EEG NCC, and discussing
their potential clinical applicability.

Gamma activity in the EEG has been suggested
since a long time ago to be linked to consciousness
[38]. Indeed, it vanishes during dreamless sleep,
and recovers at awakening. Gamma power is also
modulated by attention and conscious cognitive
processing [39]. However, in a recent study we
showed that EEG gamma power is actually increased
during propofol-induced loss of responsiveness
without recall of conscious content [40]. This find-
ing may impact upon the general applicability of
gamma power as a clinical marker of awareness.
High-gamma has been found to be susceptible
to the effects of propofol in humans [41] but this
was identified using electrocorticography rather
than scalp EEG. The gamma bandwidth is also
difficult to assess given the frequent confound of
electromyography.

Alpha power, coherence and synchrony have
also recently been proposed to be a marker of
anaesthesia-induced unconsciousness, especially
under propofol sedation [42,43]. However, alpha
power and synchrony do not systematically differ-
entiate between mild sedation (where consciousness
is present) and unconscious states. According to two
recent studies [40,44"], an increase of EEG delta
power seems to be the most reliable spectral marker
for loss of responsiveness during propofol sedation
and it is plausible that this is associated with the
fading of consciousness. In comatose patients,
however, power spectrum features are highly vari-
able, and delta power alone cannot to date differ-
entiate VS from MCS [35]. Furthermore, delta power
increases during slow-wave sleep and is, therefore,
not uniformly associated with the ability to tolerate
a surgical stimulus or resistance to arousal from a
putatively unconscious state.

Long latency-evoked potentials have also been
proposed as another candidate consciousness
marker under anaesthesia. They seem to vanish
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during anaesthesia-induced unresponsiveness and
to return to normal patterns during recovery [435].
However, long latency event-related potentials
in response to the patient’s own name are present
in many VS patients [46], although typically with a
lower amplitude as compared to normal individuals.
It is, thus, possible that long latency evoked
potential components might persist in the absence
of awareness. To our knowledge, studies using
own-name responses have not been conducted
during anaesthesia.

Feedback connectivity from frontal to parietal
cortex is another neural marker recently evidenced
to discriminate between propofol-induced un-
responsiveness and normal wakefulness, especially
under propofol sedation [47",48]. A similar finding
was suggested for isoflurane-induced unresponsive-
ness in animals [49]. Preliminary evidence suggests
that this marker can differentiate coarse levels
of consciousness under anaesthesia in surgical
conditions [50], showing its potential clinical
applicability. However, further study is required to
understand the correlation of impaired feedback
connectivity and reduced consciousness under
anaesthesia. This is especially important as feedback
connectivity from frontal to parietal cortex has also
been shown to be impaired in patients in VS, but
preserved in MCS [51]. Studies on larger patient
populations are needed to confirm these findings
and real-time analysis has not yet been investigated.

Finally, the loss of complexity/differentiation
of brain responses to stimulation by transcranial
magnetic stimulation (ITMS) is a promising marker
for loss of consciousness, both in anaesthesia and
in VS [52]. An early study [53] showed that TMS
pulses administered during slow wave sleep evoked
activity only local to the TMS focus; in contrast,
TMS applied during conscious wakefulness led to a
spatiotemporally complex pattern of activity with
several distinct components over time, consistent
with a rich underlying effective and functional
connectivity. This finding of a decreased complexity
of the response during loss of responsiveness has
recently been replicated in other states associated
with unconsciousness including deep midazolam
sedation [54] and in VS as compared to MCS [35].
Larger studies validating the ability of this tech-
nique to reliably identify patients’ consciousness
level under various anaesthetics and in patients
are ongoing.

CONCLUSION

In the future, research on anaesthesia and VS would
greatly benefit from the acquisition of data using the
same paradigms and neuroimaging modalities in
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different states such as coma, various anaesthetic
conditions, sleep, sleepwalking, lucid dreaming,
and seizures [27]. A deeper understanding of precise
NCC during sleep or anaesthesia dreaming is also
urgently needed. Most studies investigate NCC in
these states by merely comparing a given level of
sedation or a given sleep stage to normal wakeful-
ness. To advance the field, studies comparing brain
activity under IFT anaesthesia with or without
response to commands, are also crucial. In the VS
patient populations, comparing brain activity in
individuals with or without a response in active
volitional paradigms is critical [23]. Finally, a more
refined distinction between neural correlates and
clinical outcomes of a state of unconsciousness
(the absence of any conscious contents) versus a
state of conscious disconnectedness (the absence
of perception of the environment) during anaesthe-
sia is essential [6].

Acknowledgements

M.B. and S.L. are respectively Postdoctoral Research
Fellow and Research Director the Belgian National
Fund for Scientific Research. G.A.M. is supported by
National Institutes of Health (Bethesda, MD, USA) grant
1RO1GMO098578 and the James S. McDonnell Founda-
tion; G.A.M. has a patent pending on measures of
directional brain connectivity to monitor consciousness.
R.D.S. is supported by Anaesthesia/AAGBI, Action
Medical Research and the National Institutes of Health
(Bethesda, MD, USA). UCH/UCL who received a pro-
portion of funding from the UK Department of Health’s
NIHR Biomedical Research Centres funding scheme.

Conflicts of interest
There are no conflicts of interest.

REFERENCES AND RECOMMENDED
READING

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m  of special interest

mm of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (p. 511).

1. Tononi G. Consciousness as integrated information: a provisional manifesto.
Biol Bull 2008; 215:216-242.

2. Sanders RD, Tononi G, Laureys S, Sleigh JW. Unresponsiveness not equal

mm unconsciousness. Anesthesiology 2012; 116:946-959.

This milestone study introduces precise definitions of consciousness, responsive-
ness and connectedness, discusses some possible dissociations between them,
and their potential relevance for the study of brain function during anaesthesia.
It also provides a very useful meta-analysis of behavioural studies using the
isolated forearm technique to assess responsiveness in sedated patients under
surgery.

3. Laureys S, Boly M. Unresponsive wakefulness syndrome. Arch Ital Biol 2012;
150:31-35.

4. Demertzi A, Ledoux D, Bruno MA, et al. Attitudes towards end-of-life issues in
disorders of consciousness: a European survey. J Neurol 2011; 258:1058—
1065.

5. Luaute J, Maucort-Boulch D, Tell L, et al. Long-term outcomes of chronic
minimally conscious and vegetative states. Neurology 2010; 75:246-252.

Volume 26 e Number 4 o August 2013

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Consciousness and responsiveness Boly ef al.

10.

11.

12,

13.

. Sanders RD, Tononi G, Laureys S, Sleigh J. Unresponsiveness not equal

Unconsciousness. Anesthesiology 2012; 116:946-959.

. Russell IF. Intraoperative awareness and the isolated forearm technique. BrJ

Anaesth 1995; 75:819-821.

. Russell IF. The ability of bispectral index to detect intra-operative wakefulness

during total intravenous anaesthesia compared with the isolated forearm
technique. Anaesthesia 2013; 68:502-511.

. Russell IF. The Narcotrend 'depth of anaesthesia’ monitor cannot reliably

detect consciousness during general anaesthesia: an investigation using the
isolated forearm technique. Br J Anaesth 2006; 96:346—-352.

Russell IF, Wang M. Absence of memory for intra-operative information during
surgery with total intravenous anaesthesia. BrJ Anaesth 2001; 86:196-202.
Sandin RH, Enlund G, Samuelsson P, Lennmarken C. Awareness during
anaesthesia: a prospective case study. Lancet 2000; 355:707-711.
Sebel PS, Bowdle TA, Ghoneim MM, et al. The incidence of awareness during
anesthesia: a multicenter United States study. Anesth Analg 2004; 99:833—
839; table of contents.

Mashour GA, Shanks A, Tremper KK, et al. Prevention of intraoperative
awareness with explicit recall in an unselected surgical population: a rando-
mized comparative effectiveness trial. Anesthesiology 2012; 117:717-725.

A recent study comparing the evidence for the Bispectral Index versus anaesthetic
concentration titration methods to prevent anaesthesia awareness.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Majerus S, Gill-Thwaites H, Andrews K, Laureys S. Behavioral evaluation of
consciousness in severe brain damage. Prog. Brain Res 2005; 150:397-413.
Boly M, Coleman MR, Davis MH, et al. When thoughts become action:
an fMRI paradigm to study volitional brain activity in noncommunicative brain
injured patients. Neuroimage 2007; 36:979-992.

Schnakers C, Vanhaudenhuyse A, Giacino J, et al. Diagnostic accuracy of the
vegetative and minimally conscious state: clinical consensus versus standar-
dized neurobehavioral assessment. BMC Neurol 2009; 9:35.

Seel RT, Sherer M, Whyte J, et al. Assessment scales for disorders of
consciousness: evidence-based recommendations for clinical practice and
research. Arch Phys Med Rehabil 2010; 91:1795-1813.

Kalmar K, Giacino JT. The JFK coma recovery scale: revised. Neuropsychol
Rehabil 2005; 15:454-460.

Lovstad M, Froslie KF, Giacino JT, et al. Reliability and diagnostic character-
istics of the JFK coma recovery scale-revised: exploring the influence of rater’s
level of experience. J Head Trauma Rehabil 2010; 25:349-356.

Godbolt AK, Stenson S, Winberg M, Tengvar C. Disorders of consciousness:
preliminary data supports added value of extended behavioural assessment.
Brain Inj 2012; 26:188-193.

Leslie K, Sleigh J, Paech MJ, et al. Dreaming and electroencephalographic
changes during anesthesia maintained with propofol or desflurane. Anesthe-
siology 2009; 111:547-555.

Samuelsson P, Brudin L, Sandin RH. Intraoperative dreams reported after
general anaesthesia are not early interpretations of delayed awareness.
Acta Anaesthesiol Scand 2008; 52:805-809.

Owen AM. Detecting consciousness: a unique role for neuroimaging.
Annu Rev Psychol 2013; 64:109-133.

Monti MM, Vanhaudenhuyse A, Coleman MR, et al. Willful modulation of brain
activity in disorders of consciousness. N Engl J Med 2010; 362:579-589.
Cruse D, Chennu S, Chatelle C, et al. Bedside detection of awareness in the
vegetative state: a cohort study. Lancet 2011; 378:2088-2094.

Goldfine AM, Victor JD, Conte MM, et al. Bedside detection of awareness in
the vegetative state. Lancet 2012; 379:1701-1702; author reply 2.

Boly M. Measuring the fading consciousness in the human brain. Curr Opin
Neurol 2011; 24:394-400.

Bardin JC, Fins JJ, Katz DI, et al. Dissociations between behavioural
and functional magnetic resonance imaging-based evaluations of cognitive
function after brain injury. Brain 2011; 134 (Pt 3):769-782.

Avidan MS, Jacobsohn E, Glick D, et al. Prevention of intraoperative aware-
ness in a high-risk surgical population. N Engl J Med 2011; 365:591-600.
Avidan MS, Zhang L, Burnside BA, et al. Anesthesia awareness and the
bispectral index. N Engl J Med 2008; 358:1097-1108.

Zhang C, Xu L, Ma YQ, et al. Bispectral index monitoring prevent awareness
during total intravenous anesthesia: a prospective, randomized, double-blinded,
multicenter controlled trial. Chin Med J (Engl) 2011; 124:3664-3669.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Schneider G, Wagner K, Reeker W, et al. Bispectral Index (BIS) may not
predict awareness reaction to intubation in surgical patients. J Neurosurg
Anesthesiol 2002; 14:7-11.

Schnakers C, Ledoux D, Majerus S, et al. Diagnostic and prognostic use of
bispectral index in coma, vegetative state and related disorders. Brain Inj
2008; 22:926-931.

Landsness E, Bruno MA, Noirhomme Q, et al. Electrophysiological correlates
of behavioural changes in vigilance in vegetative state and minimally
conscious state. Brain 2011; 134 (Pt 8):2222-2232.

Rosanova M, Gosseries O, Casarotto S, et al. Recovery of cortical
effective connectivity and recovery of consciousness in vegetative patients.
Brain 2012; 135 (Pt 4):1308-1320.

Frith CD, Frith U. Interacting minds: a biological basis. Science 1999; 286:
1692-1695.

Boly M, Massimini M, Tononi G. Theoretical approaches to the diagnosis of
altered states of consciousness. Prog. Brain Res 2009; 177:383-398.
Llinas R, Ribary U, Contreras D, Pedroarena C. The neuronal basis for
consciousness. Philos Trans R Soc Lond B Biol Sci 1998; 353:1841-1849.
Dehaene S, Changeux JP. Experimental and theoretical approaches to
conscious processing. Neuron 2011; 70:200-227.

Murphy M, Bruno MA, Riedner BA, et al. Propofol anesthesia and sleep:
a high-density EEG study. Sleep 2011; 34:283-291.

Breshears JD, Roland JL, Sharma M, et al. Stable and dynamic cortical
electrophysiology of induction and emergence with propofol anesthesia.
Proc Natl Acad Sci U S A 2010; 107:21170-21175.

Cimenser A, Purdon PL, Pierce ET, et al. Tracking brain states under general
anesthesia by using global coherence analysis. Proc Natl Acad Sci U S A
2011; 108:8832-8837.

Ching S, Cimenser A, Purdon PL, et al. Thalamocortical model for a propofol-
induced {alpha}-rhythm associated with loss of consciousness. Proc Natl
Acad Sci U S A 2010; 107:22665-22670.

Lewis LD, Weiner VS, Mukamel EA, et al. Rapid fragmentation of neuronal
networks at the onset of propofol-induced unconsciousness. Proc Natl Acad
Sci U S A 2012; 109:E3377-E3386.

A very elegant study of neural correlates of loss of responsiveness under propofol
sedation, using intracranial recordings.

45.

46.

47.

Heinke W, Kenntner R, Gunter TC, et al. Sequential effects of increasing
propofol sedation on frontal and temporal cortices as indexed by auditory
event-related potentials. Anesthesiology 2004; 100:617-625.

Perrin F, Schnakers C, Schabus M, et al. Brain response to one’s own name
in vegetative state, minimally conscious state, and locked-in syndrome.
Arch Neurol 2006; 63:562-569.

Boly M, Moran R, Murphy M, et al. Connectivity changes underlying spectral
EEG changes during propofol-induced loss of consciousness. J Neurosci
2012; 32:7082-7090.

The results of this study suggest that propofol-induced loss of consciousness
could be selectively linked with a loss of function of cortical feedback connections.

48.

49,

50.

51.

52.

53.

54.

0952-7907 © 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Lee U, Kim S, Noh GJ, et al. The directionality and functional organization of
frontoparietal connectivity during consciousness and anesthesia in humans.
Conscious Cogn 2009; 18:1069-1078.

Imas OA, Ropella KM, Ward BD, et al. Volatile anesthetics disrupt
frontal-posterior recurrent information transfer at gamma frequencies in rat.
Neurosci Lett 2005; 387:145-150.

Ku SW, Lee U, Noh GJ, et al. Preferential inhibition of frontal-to-parietal
feedback connectivity is a neurophysiologic correlate of general anesthesia in
surgical patients. PLoS One 2011; 6:e25155.

Boly M, Garrido MI, Gosseries O, et al. Preserved feedforward but impaired
top-down processes in the vegetative state. Science 2011; 332:858-
862.

Massimini M, Boly M, Casali A, et al. A perturbational approach for evaluating
the brain’s capacity for consciousness. Prog. Brain Res 2009; 177:201—
214.

Massimini M, Ferrarelli F, Huber R, et al. Breakdown of cortical effective
connectivity during sleep. Science 2005; 309:2228-2232.

Ferrarelli F, Massimini M, Sarasso S, et al. Breakdown in cortical effective
connectivity during midazolam-induced loss of consciousness. Proc Natl
Acad Sci U S A 2010; 107:2681-2686.

www.co-anesthesiology.com 449



