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ABSTRACT

Consciousness is subjective experience. During both sleep
and anesthesia, consciousness is common, evidenced by
dreaming. A defining feature of dreaming is that, while con-
scious, we do not experience our environment; we are dis-
connected. Besides inducing behavioral unresponsiveness, a
key goal of anesthesia is to prevent the experience of surgery
(connected consciousness), by inducing either unconsciousness
or disconnection of consciousness from the environment. Re-
view of the isolated forearm technique demonstrates that con-
sciousness, connectedness, and responsiveness uncouple during
anesthesia; in clinical conditions, a median 37% of patients
demonstrate connected consciousness. We describe potential

neurobiological constructs that can explain this phenome-
non: during light anesthesia the subcortical mechanisms sub-
serving spontaneous behavioral responsiveness are disabled
but information integration within the corticothalamic net-
work continues to produce consciousness, and unperturbed
norepinephrinergic signaling maintains connectedness.
These concepts emphasize the need for developing anesthetic
regimens and depth of anesthesia monitors that specifically
target mechanisms of consciousness, connectedness, and
responsiveness.

T HE fact that the body is lying down is no reason for
supposing that the mind is at peace. Rest is … far from

restful,” Seneca, approximately 60 A.D.1

Consciousness is subjective experience;2,3 it has been de-
fined as “what abandons us every night when we fall into
dreamless sleep and returns the next morning when we wake
up or when we dream.”2 This definition has relevance for
anesthesia, as both patients and anesthesiologists assume that
general anesthesia is associated with unconsciousness similar
to a dreamless sleep. Debates on consciousness, sleep, and
anesthesia are often bedeviled by a plethora of confusing,
often tautological, and partially overlapping synonyms and
terms, such as “consciousness,” “awareness,” “responsive-
ness,” “perception,” “subjective experience,” “wakefulness,”
“vigilance,” “arousal,” “hypnosis,” “sleep,” and “sedation.”
To simplify and clarify matters, in this paper we emphasize
the distinction among three separate concepts that are rele-
vant to anesthesia: consciousness, connectedness, and re-
sponsiveness. Consciousness is subjective experience, be it
pure darkness, an engrossing movie, or intraoperative pain.
Environmental connectedness describes the connection of
consciousness to the external world allowing experience of
external stimuli. Consciousness can be disconnected (e.g.,
dreaming, where we are not conscious of our environment)
or connected (e.g., wakeful, where experiences can be trig-
gered by environmental stimuli). The state of “anesthesia
awareness” is therefore a state of environmentally connected
consciousness. We shift to this terminology to help unbundle
“anesthesia awareness” into its component parts (“connect-
edness” to the environment and “consciousness”). Although
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“anesthesia awareness” is often used interchangeably with
“anesthesia awareness with explicit recall,” here we use the
term to mean experiencing the event of surgery and do not
specify that the events are remembered. The concepts of
consciousness or connectedness should not be confused with
words describing the complexity of our behavioral inter-
actions with the outside world, which we term responsive-
ness. Responsiveness can be further divided between be-
havior that is spontaneous or goal-directed (such as
following a command).

We will provide examples that demonstrate that con-
sciousness is not necessarily coupled to connectedness or
spontaneous responsiveness during anesthesia, and illustrate
that differing measures of consciousness, connectedness, and
responsiveness can all provide information to guide anesthe-
sia. A familiar illustration of these distinctions can be ob-
tained by considering natural sleep (table 1). During wake-
fulness we are typically conscious, connected to the
environment, and responsive. As we fall asleep, responsive-
ness and connectedness to the environment fade, but only
during early nonrapid eye movement (NREM) sleep (where
slow wave activity is abundant) do we become unconscious.
Consciousness is present in NREM sleep later in the night
and it becomes vivid during dreams in rapid eye movement
(REM) sleep, although we remain disconnected from and
largely unresponsive to our environment. While in sleep con-
nectedness and responsiveness are tightly coupled so connec-
tion to the environment rapidly leads to responsiveness, stud-
ies of the isolated forearm technique demonstrate that
coupling between responsiveness and connectedness is some-
times lost during anesthesia, hence unresponsiveness pro-
vides inconsistent and sometimes unreliable information
about the probability of unconsciousness or of connected
consciousness.

The goals of this paper are (1) to define more clearly the
component features of the anesthetic state that subserve the
experience of surgery (consciousness and connectedness); (2)
to provide evidence that spontaneous responsiveness is not a
good correlate of connected consciousness; and (3) to pro-
vide a structural framework for future inquiry in this area.

Experience under Anesthesia
Suppression of the experience of surgery is a primary aim of
anesthesia; this may be achieved by suppressing conscious-
ness or ensuring disconnection. Consciousness itself may not
be a clinical problem if it is merely associated with dreaming

(the rare “bad trip” may be an example of when this could be
deleterious) provided that the patient’s consciousness is truly
disconnected from the external world, or in a state analogous
to REM sleep.4 In addition to suppressing connected con-
sciousness, analgesia or nociceptive blockade is also necessary
to prevent central nervous system arousal, and cardiovascular
and neurohumoral responses to surgery. Finally, gross pa-
tient immobility is required to facilitate surgery. We argue
that, in most cases, the triad of general anesthesia we should
aim for is: lack of experience of surgery (unconsciousness or
disconnected consciousness), nociceptive blockade, and im-
mobility for surgery.

We do not address the important issue of anesthesia and
memory (implicit or explicit) for several reasons: First, excel-
lent recent reviews are available on this subject.5,6 Second, we
believe that, if possible, we should be seeking to ablate the
experience of surgery during anesthesia and not merely in-
duce amnesia of the events. We acknowledge that there exists a
large body of opinion that follows a utilitarian approach, and
insists that unconsciousness per se is not a requirement for the
state of general anesthesia, but that amnesia plus immobility are
the minimal necessary components of anesthesia.7 This raises
numerous philosophical, humanitarian, and neurobiological
questions. From the patients’ perspective, most would likely
choose to not experience an event, rather than experience it and
not remember it. However, lack of connected consciousness (vs.
purely amnesia) is a better goal for the delivery of anesthesia for
the following practical reasons:

(1) Preventing the experience of surgery represents the most
secure way of inhibiting consciousness with recall. In essence, we
need a dosage buffer zone. The small doses of general anesthetic
required to ablate memory in the unstimulated patient are no-
where near enough to reliably obtund behavioral and auto-
nomic arousal induced by noxious stimuli. In contrast, the
larger doses that are required to induce unconsciousness will
result in amnesia of events as a secondary effect, as well as sub-
stantially suppressing the effects of noxious stimuli.

(2) Memory is not essential for experience. We have all
driven down a familiar road with no recollection of the
events. One would hardly deny we were conscious during
this period. Similarly, when moderately drunk, a person is
conscious and responsive but may not recall anything later
on. Finally the evidence from the case of H.M., who follow-
ing medial temporal lobe resection incurred profound defi-
cits in memory formation yet clearly was conscious, further
dissociates memory and consciousness.

Table 1. Consciousness, Connectedness, and Responsiveness in Wake and Sleep States

Consciousness Connectedness Responsiveness

Awake Yes Yes Yes
NREM sleep No No No
REM sleep Yes No No

NREM � non-rapid eye movement sleep, or slow-wave sleep early in the night when subjects are often unconscious; REM � rapid eye
movement sleep.
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Our interest in experience under anesthesia is not merely
academic. Herein we review the known and potential mech-
anisms of consciousness, connectedness, and responsiveness,
and advocate that study of each is required to provide a
detailed understanding of anesthesia. This understanding
will provide novel approaches for designing anesthetic regi-
mens and monitoring technology. First we discuss some ex-
amples that illustrate unresponsiveness � unconsciousness.

Disconnected Consciousness: Dreaming in
Sleep and Anesthesia
Dreams are a good example of how consciousness may be
disconnected. Early in the night, subjects who are awoken
from slow wave sleep (the deepest stage of NREM sleep) tend
not to report anything “going through their mind”8 (suggest-
ing they were unconscious, table 1); if they are awakened
later in the night or during REM sleep, they usually report
some conscious experience and vivid narrative dreams.2–4

Indeed, consciousness is reported in approximately 80% of
REM sleep awakenings, and in 23–74% of NREM sleep
awakenings,4,9 though vivid dreams are more common dur-
ing REM sleep.4 Although environmental stimuli can be
incorporated into dreams during sleep, review of the evi-
dence suggests that this occurs rarely (often associated with
more noxious stimulation4), as patients are disconnected
from the environment.4 For example, even when patients
who slept with their eyes taped open were presented illumi-
nated objects, they did not incorporate these stimuli into
dreams.10 It is possible that noxious stimulation may be in-
corporated more readily into dreams as it produces arousal
from sleep (overcoming the disconnection).

Strikingly, dreaming also occurs in at least 27% of pa-
tients anesthetized with propofol and 28% of patients under-
going desflurane anesthesia.11 Given the amnesic effects of
anesthetic agents, these data likely underestimate the true
prevalence of dreaming because the reports required the re-
call of dreams. Importantly, in our recent 300-patient study
of anesthetic-related dreaming, experience of surgery was not
described by any patient who reported dreams.11 We ascribe
this to a state of disconnected consciousness, similar to REM
sleep, where experience is insulated from the environment.

Under anesthesia, REM-like electroencephalogram phe-
nomena have been termed “� arousals,”12 characterized by
loss of slow waves and spindles (waxing and waning � fre-
quency oscillations representing thalamic oscillations, exam-
ples from sleep are shown in fig. 1A), and an increase in
higher frequencies in the electroencephalogram. Because of
the similarity to REM sleep,13–16 also known as “paradoxi-
cal” sleep,17 we call it “paradoxical” anesthesia (figs. 1B, C).
These states probably arise from a relative failure by the an-
esthetic drug to prevent an increase in cholinergic excitation
of the cortex (in the presence of histaminergic suppres-
sion18), perhaps via basal forebrain neural activity.3,19 As
administration of a muscarinic antagonist, scopolamine, pre-
vents dreaming in patients under propofol- N2O anesthesia,

it is likely that anesthetic dreaming is driven through cholin-
ergic neurotransmission19 (similar to dreaming in natural
sleep13). Interestingly a cholinesterase inhibitor, physostig-
mine, also provokes return of consciousness in patients se-
dated with propofol; though this treatment does not always
induce gross behavioral responsiveness20 (see review21). In
summary, a high cholinergic tone in the cortex may underlie
dreaming (a state of disconnected consciousness) in both
REM sleep and anesthesia (fig. 2).

Connected Consciousness Is Dissociable
from Spontaneous Responsiveness
It is typical to awaken in the morning by transitioning
through a period of REM sleep; we propose this favors the
sequential activation of consciousness-connectedness-re-
sponsiveness. The value of this sequence is to ensure that
conscious cognitive processing is active before connecting to
the environment. Once connected, responsiveness rapidly
follows; when wakeful we are conscious, connected, and
responsive.

There are some interesting variants of the sequence. At
one extreme, subjects who sleepwalk are spontaneously re-

Fig. 1. Electroencephalogram changes during nonrapid eye
movement (NREM) to rapid eye movement-like (REM) transi-
tions during sleep and general anesthesia. (A) During sleep, the
change from a NREM pattern to a REM pattern is accompanied
by the loss of spindles and � waves and a shift to higher
frequency activity around 220 s. (B) Midway through an opera-
tion, REM-like activity was noted again by loss of spindles and
� waves and a shift to higher frequency activity, in this snapshot,
� activity. (C) On emergence from anesthesia, the patient tran-
sitioned through both � and � activity before waking, seemingly
waking from a REM-like state. (D) This started at approximately
0.4 minimum alveolar concentration (MAC) of anesthesia, about
5 min before becoming responsive. SE � state entropy;
SWS � slow-wave sleep.
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sponsive but are unconscious and do not follow commands
(goal-directed behavior). At the other extreme is the sleep
phenomenon of “lucid dreaming.” Subjects who are having a
lucid dream are aware that they are asleep and can control
their dreams. Remarkably they can communicate their expe-
rience to the environment through predefined eye or wrist
movements13,22 (i.e., in a goal-directed manner).� Important
examples of partially disconnected consciousness are hypna-

gogic and hypnopompic hallucinations at the transition be-
tween sleep and wakefulness, when subjects are conscious
and connected to the environment but remain immobile and
incapable of moving because of brainstem mechanisms in-
ducing REM sleep-like paralysis.23 Nonetheless, in the vast
majority of cases of waking from natural sleep, conscious
connection to the environment rapidly results in a state of
spontaneous responsiveness.

Based on studies using the isolated forearm technique
(IFT) (table 2), and case reports of anesthetic awareness with-
out change in patient variables24,25 (such as hemodynamic
measures and respiratory rate) or spontaneous movement in
nonparalyzed patients,26,27 we provide evidence of con-
nected consciousness that is dissociated from spontaneous
responsiveness during anesthesia. In the IFT, anesthesia is
followed by inflation of a cuff on the arm before neuromus-
cular blockade is induced. The cuff prevents paralysis of the
hand, allowing the patient to communicate to an observer
through predefined hand movements, typically following a
command like: “Mrs. Jones, if you can hear me, squeeze my
hand.” This is usually followed by more complex commands,
such as: “Mrs. Jones, if you are comfortable, squeeze my hand
twice,” to detect the level of cognition in the patient. An
advantage of the IFT is that it is not dependent on memory;
indeed, explicit recall of intraoperative events is usually ab-
sent28 (table 2). In most reports of positive IFT responses, the
patient demonstrates almost normal cognitive function. In-
terestingly, they show goal-directed responsiveness (i.e.,
they follow commands), but rarely show spontaneous
responsiveness.

In order to provide comprehensive review of the IFT lit-
erature, one author (Dr. Sanders) performed a Medline
search for “isolated forearm technique” identifying 18 rele-
vant studies. Five studies were excluded28–32 as they did not
test response to clinically relevant noxious external stimuli,
such as surgery or laryngoscopy (table 2). Positive responses
were observed in a median of 37% of patients (range
0–100%). The studies had heterogeneous methodology and
employed a variety of anesthetic agents and techniques;
therefore, meta-analysis has not been performed. However,
even the more recent studies with modern anesthetic tech-
niques show that a large proportion of patients will respond
to the IFT during anesthesia, and that IFT responses are not
reliably detected by the electroencephalogram-based depth
of anesthesia monitors.33,34 For example, the Bispectral In-
dex (BIS) cannot reliably distinguish between responders and
nonresponders to the IFT, both before and following laryn-
goscopy34 (i.e., the BIS values were the same in both groups).
In one study, the stimulus of laryngoscopy produced a rise in
BIS values in both groups from approximately 52 to approx-
imately 70; 40% of the patients then became responsive to
verbal command. One explanation for this finding is that
both groups were conscious but only the responders were
connected to the environment. Of course, other explanations
are possible, including that the nonresponders lacked moti-

� It is unclear whether a person who is having a lucid dream is
totally connected to the external world; although they can commu-
nicate to the external world, it is unknown whether they will directly
respond to spoken command. This needs to be investigated.

Fig. 2. Schematic representing changes in responsiveness,
neuromodulators, and corticothalamic network connectivity
with escalating propofol dose. (A) Four particular states are
defined: awake, positive response on the isolate forearm
technique (IFT �ve), dreaming, and unconscious. (B) With
increasing doses of propofol, patients transition through
these states, first entering a state of environmentally con-
nected consciousness (ECC � IFT �ve), then disconnected
consciousness before becoming unconscious. (C) Putative
parallel changes in neuromodulators underlying behavioral
changes with escalating doses of propofol. ECC is hypothe-
sized to require active norepinephrinergic and cholinergic
signaling. (D) Changes in corticothalamic network connectiv-
ity. ECC requires adequate total corticothalamic connectivity
and corticothalamic-ventral attention network connectivity
signaling. Ach � acetylcholine; D-C � disconnected con-
sciousness; ECC � environmentally connected conscious-
ness; Norepi � norepinephrine; Put-Amyg � putamen and
amygdala connectivity; TC-total � total corticothalamic con-
nectivity; TC-VATT � corticothalamic-ventral attention net-
work connectivity.
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vation to respond, or motor system impairment prevented
response. Fortunately, the recent IFT studies suggest that
intraoperative connected consciousness with pain is rela-
tively infrequent (table 2).33,35 We suspect that in the non-
paralyzed patient, significant pain is usually stimulating
enough to produce wakefulness, but clearly this is not helpful
in the paralyzed patient.

Typically IFT patients with a positive response are in a
state where they do not move their unparalyzed hand spon-
taneously; rather, they perform a goal-directed type of behav-
ior. Interestingly, a positive IFT response has been observed
in a nonparalyzed pediatric patient undergoing orthopedic
surgery36; although the patient did not make spontaneous
movements or “wake up,” they moved their hand to com-
mand. IFT positive responses may therefore share similarities
with lucid dreaming where patients also do not move spon-
taneously, but clearly have higher order cognition and can

perform goal-directed behavior. The IFT data are supported
by reports from neurolept anesthesia where patients report
being “locked in”37 rather than unconscious during anesthe-
sia.24 Furthermore, case reports describe external auditory
and visual experiences under anesthesia. Indeed, in one such
case, without continued paralysis, a patient had an eye taped
open for surgery and provided a description of visual scenes
postoperatively, yet did not move spontaneously during sur-
gery.27 In sum, these data suggest that connected conscious-
ness may occur during anesthesia despite patients appearing
spontaneously unresponsive.

The Utility of Connectedness as a Concept

Accepting that during general anesthesia the anesthesiolo-
gist’s primary role is to reduce the experience of surgery by
suppressing connected consciousness, the most obvious and

Table 2. Isolated Forearm Technique Responses during Clinically Relevant Stimulation under Anesthesia

Reference
Number of

Patients

Number of
Patients

Responding
to IFT

Percentage
of Patients

Responding

Times When
Responsiveness

Noted

Number of
Responsive
Patients with
Explicit Recall

Percentage of
IFT Responders,

Asked about
Pain, with Pain

Tunstall,
1977111

12 4 33% N/A N/A N/A

Tunstall &
Sheikh,
1989112

113 47 42% 2–5 min
postinduction

0% N/A

Russell,
1986113

E 30, N2O 25 2, 11 7% (eye opening
in 17%), 44%
(eye opening
in 36%)

N/A, N/A 0%, 4% N/A,N/A

Russell,
1993114

32 23 72% N/A 9% 100%

King et al.,
1993115

30 29 97% Laryngoscopy (33%),
skin incision (97%),
2 min after skin
incision (20%)

0% 83%

Gaitini et al.,
1995116

K 25, T 25 K 5, T 13 K 24%, T 52% Within 13 min
postinduction

0% N/A

Russell and
Wang,
1997117

35 0 0% N/A 9% N/A

St. Pierre et al.,
2000118

E0.2 10, E0.3

10, E0.4 10
E0.2 8, E0.3

7, E0.4 2
E0.2 80%, E0.3

70%, E0.4 20%
Within 7.5 min

postinduction
6% N/A

Russell and
Wang,
200135

40 7 17.5% 34–125 min 0% 14%

Schneider
et al., 200234

20 8 40% Within 3 min of
intubation

0% N/A

Slavov et al.,
2002119

41 10 24% Within 1 min of
intubation

0% N/A

Russell,
200633

12 12 100% N/A 44% 8%

Andrade et al.,
200836

184 2 1.1% Within 17 min
postinduction

0% 0%

A � alfentanil; E � etomidate (superscript numbers refer to dose in mg/kg administered); F � fentanyl; IFT � isolated forearm technique;
K � ketamine; M � midazolam; P � propofol; R � remifentanil; T � thiopentone.
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secure way of achieving this aim is to cause unconsciousness
with deep-enough anesthesia. However, this may not be
safely achievable because of the cardiovascular side effects of
anesthesia, especially given our limited ability to rely on au-
toregulation to protect end-organ function.38 Furthermore,
it has been mooted that deep anesthesia may increase mor-
tality or morbidity,39 though this is controversial.40–42

These are studies that use the BIS to measure depth of anes-
thesia, subsequently correlating sensitivity of the brain to
anesthetics with mortality. It is unclear if the low BIS is a medi-
ator or marker of subsequent mortality; many of these findings
may be explained by reduced cerebral (and other end-organ)
perfusion that also causes a decrease in BIS.43 Remarkably, the
patients who have low BIS readings and suffer earlier mortality
may also receive lower anesthetic doses.40 Nonetheless, given
these concerns that unconsciousness (through increased depth
of anesthesia) may be difficult to safely achieve, disconnect-
ing the patient from the environment becomes an increas-
ingly appealing goal. We will present a hypothesis that this
can be achieved by additional suppression of norepineph-
rine signaling during anesthesia.

Furthermore, consciousness during anesthesia may not be
a clinical problem if it is disconnected, or not associated with
experience of surgery. A depth-of-anesthesia monitor that
could accurately detect consciousness but is not sensitive to
connectedness might prompt an unnecessary deepening of
anesthesia if a patient is conscious but already disconnected
from his/her environment and hence not experiencing sur-
gery (e.g., the dreaming patient). A measure of connectedness
would have utility to highlight the potential for connected
consciousness and critically identify the experience of sur-
gery. A full understanding of how and when consciousness

becomes connected to the environment is essential to prop-
erly monitor if consciousness is associated with experience of
surgery or is more akin to dreaming. Next we discuss the
mechanisms of consciousness, connectedness, and respon-
siveness, and explore how understanding of each mechanism
provides insight into how anesthesia can be improved and
monitored more effectively.

Mechanisms of Consciousness

The Integrated Information Theory,2 the Global Workspace
Theory,44–47 and cognitive binding48 represent recent at-
tempts at characterizing the neural basis of consciousness. All
three focus on corticothalamic network function (fig. 3),
supported by significant evidence stemming primarily from
human lesion and neuroimaging studies.3,47 Here we refer
primarily to the Integrated Information Theory,2 but a dis-
cussion of the other two theories is available in the appendix.

The Integrated Information Theory of consciousness2

starts from two premises. First, every experience is one out of
many: every experience, whether simple (pure darkness) or
complex (a bustling street scene) represents a choice among a
large repertoire of alternatives (think of all frames from all
possible movies). For this reason, every experience is highly
informative. Second, every experience is one: it cannot be
decomposed into independent parts and it is thus integrated
(for example, one cannot experience the left and right half of
the visual field independently). From these premises, the
theory says that the level of consciousness of a physical system
is related to the repertoire of different states (information)
that can be distinguished by the system as a whole (integra-
tion).2,49 Thus, the corticothalamic system generates con-

Fig. 3. Schematic showing the relationship of consciousness, environmental connectedness, and responsiveness with medi-
ators where known.
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sciousness (fig. 3) because it can distinguish among a large
repertoire of neural states (thanks to the functional special-
ization of different cortical areas and neurons) and it can do
so as a single system (thanks to functional integration guar-
anteed by its dense intra- and interareal connections). Other
brain structures, such as the cerebellum, lack the same pat-
tern of connections, which is why, despite having even more
neurons, they do not contribute to consciousness.3 The the-
ory accounts for the loss of consciousness during generalized
seizures despite the hypersynchronous firing of neurons50

because of the resultant reduction of information (the reper-
toire of neural states shrinks). It also explains the fading of
consciousness during slow wave sleep and certain anesthesia
states, despite ongoing neural activity, because of an impair-
ment of cortical integration and/or loss of information. In-
deed a potentially important aspect of the Integrated Infor-
mation Theory is that it is suggests experimental methods of
obtaining semiquantitative indices of consciousness based on
evaluating the brain’s capacity for information integration.

The Integrated Information Theory2 predicts that in
states associated with unconsciousness, such as in slow wave
sleep early in the night, deep general anesthesia, and “vege-
tative” states, there is a breakdown in connectivity within the
corticothalamic network. Direct cortical connectivity can be
measured by transcranial magnetic stimulation of the cortex
to trigger a burst of local neuronal activity; a high-density
electroencephalogram can then be performed to assess the
spread of the electrical activity. Consistent with predictions,
during slow wave sleep and midazolam-induced hypnosis,
there is a breakdown of this connectivity, paralleling changes in
consciousness.51,52 Similar results have been found with func-
tional magnetic resonance imaging approaches to assessing con-
nectivity during slow wave sleep;53 however, connectivity is
maintained in lighter sleep.54 Perhaps of most interest is that
connectivity during REM sleep, when consciousness is preva-
lent, is qualitatively similar to that found in wakefulness.14 Thus
during REM sleep, a state characterized by disconnected con-
sciousness with unresponsiveness, there is intact corticothalamic
integration; this emphasizes that responsiveness is not always an
adequate measure of consciousness.

Consistent with this, it has been observed that propofol-
induced unresponsiveness to verbal command occurs at
lower doses than those required to suppress corticothalamic
connectivity (fig. 2).55 At a propofol dose necessary for un-
responsiveness, subcortical structures, in particular the puta-
men, become functionally disconnected. In this state the
subject is unresponsive, but probably still conscious to some
degree. Only at a deeper level of propofol is reduced connec-
tivity in corticothalamic networks observed.56 Similar pres-
ervation of the corticothalamic connectivity under anesthesia
has been observed in monkeys.57 In summary, evidence sug-
gests that slow wave sleep, deep anesthesia, and coma reduce
cortical connectivity, which is the key substrate of the inte-
gration of information,51,52 and that connectivity changes in
parallel with consciousness. However, evidence from light

NREM sleep, REM sleep, or lower doses of propofol shows
that connectivity changes independently from arousal and
responsiveness,14 and unresponsiveness � unconsciousness.

In addition to reducing connectivity, deep anesthesia may
reduce consciousness by reducing the available information
within the corticothalamic network. This restriction of in-
formation may occur most obviously when the cortical neu-
rons become bistable and oscillate, at around 1 Hz, between
depolarized “up” states, during which neurons can fire, and a
hyperpolarized “down” state, during which neurons turn si-
lent. The occurrence of down states vastly reduces the reper-
toire of states in the cortex and thereby the information avail-
able. Increasing anesthetic dosage increases the relative time
the neurons are in the down state, which in turn appears to be
associated with unconsciousness.4 As the relative duration of
the down states increases, electroencephalographic changes
occur with spindle and then � wave activity, slow fluctua-
tions in power, and eventually in burst suppression.2,49,58

Recent evidence shows that spindles and � waves are local
(rather than global) phenomena, often occurring out of
phase during NREM sleep, suggesting that they may also
inhibit the capacity for network integration in addition to
reducing the available information.59 Whether spindles and
� waves are also out of phase during anesthesia is unclear.

Changes in various neuromodulators may account for this
increase in down states. Computer simulations suggest that
acetylcholine plays a critical role in maintaining cortical net-
work information integration by preventing down states dur-
ing sleep.60 During NREM sleep, a reduction in cholinergic
signaling leads to an increase in GABAergic tone within the
cortex, increasing the number of down states. This explains
why consciousness occurs commonly in REM sleep but
rarely in slow-wave NREM sleep early in the night. Based on
the clinical evidence,19,20 it is likely that a similar cholinergic
mechanism subserves disconnected consciousness (e.g.,
dreaming) during anesthesia.

Mechanism of Connectedness
As demonstrated by several studies, sensory stimuli can reach
primary sensory cortices in both anesthesia49,61 and sleep4,62.
Nevertheless, as illustrated most clearly by REM sleep, sub-
jects may be vividly conscious of their dreams and yet com-
pletely ignore sensory signals.4 Such disconnections in the
face of vivid consciousness and despite the activation of sen-
sory cortices suggests the presence of a “cortical gate” that
“closes” to prevent the incorporation of sensory inputs into
ongoing conscious processing. How such a cortical gate may
be implemented remains unknown, but it appears likely that
the opening and closing of the gate is ultimately controlled
by the action of neuromodulators.

Although the complexity, overlapping function, and the
redundancy of the neuromodulatory systems makes it un-
likely that connectedness can be solely ascribed to a single
neurotransmission system, there is some evidence implicat-
ing specific neuromodulators. For example, a study of “nar-
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coleptic” dogs suggested that during cataplexy, connected-
ness is maintained by active histaminergic signaling;63

however, the study could not definitively exclude a role for
other pathways. Orexin, which is known to stabilize the
“sleep-wake” switch,64 could also conceivably contribute to a
connection “switch.” However, GABAergic anesthetics sup-
press both orexin (though halothane is an exception65) and
histamine signaling,18,66–69 and thus activation of these
pathways is unlikely to account for maintained connected
consciousness during anesthesia.

In contrast, it is known that GABAergic anesthetics
poorly suppress norepinephrinergic signaling.18,66,68 We
present a hypothesis that unperturbed norepinephrinergic
neurotransmission is important in maintaining connected-
ness, because of its central role in controlling attention to
external stimuli.70 In particular, the cortical ventral attention
network receives significant norepinephrinergic innervation
from the locus ceruleus. Consistent with a role in orientating
attention to environmental stimuli, areas of this network
(especially the inferior parietal lobule) are deactivated during
sleep when we are disconnected.71 Furthermore, �-2 adren-
ergic agonists reduce attention to external stimuli via norepi-
nephrinergic suppression.70 Norepinephrine is well placed to
control connectedness, because it acts to increase the “signal-
to-noise” ratio of cortical signaling following a sensory stim-
ulus;72–74 norepinephrine acts to reduce background neuro-
nal activity while allowing evoked responses from sensory
stimuli.72–74 Suppression of norepinephrinergic signaling
during sleep may explain why external stimuli rarely pene-
trate into dreams as the sensory “signal” is lost in cortical
“noise.”

Inadequate suppression of norepinephrinergic signaling
may explain connected consciousness evident in studies of
the IFT despite clinical doses of anesthesia. Consistent with
poor suppression of norepinephrine signaling, propofol un-
responsiveness is not associated with reduced connectivity of
the ventral attention network with other corticothalamic
networks, though connectivity within the ventral attention
network is diminished (perhaps because of the low level of
external stimulation during the experimental study; fig. 2).75

Evidence for inadequate suppression of norepinephrine dur-
ing GABAergic sedation is also forthcoming from a patient
who underwent functional magnetic resonance image scan-
ning during transition from wakefulness to sleep and wake-
fulness to sedation with midazolam or dexmedetomidine.76

Although dexmedetomidine and sleep produced remarkably
similar effects (i.e., the scans showed few differences), activa-
tion was observed in the ventral attention network and thal-
amus during midazolam sedation relative to sleep. Therefore
areas of the brain that receive significant norepinephrinergic
innervation were not suppressed during midazolam seda-
tion;76 it is thus possible that during midazolam sedation,
unlike in natural sleep, this patient remained connected to
the environment. (However, we should state that these data
arise from a single subject and are prone to type 1 [false

positive] error, and hence further study is required.) Al-
though much more experimental work is required to develop
this hypothesis, it does suggest a plausible mechanism for
why patients made spontaneously unresponsive by the ad-
ministration of GABAergic drugs may remain connected to
the environment. In turn, this hypothesis implies that sup-
plementation of a GABAergic anesthetic with an �-2 agonist,
as an adjunct to suppress norepinephrine signaling, may
reduce connected consciousness under anesthesia. Neverthe-
less, we do not advocate that sole �-2 agonist sedation/anes-
thesia disconnects the patient adequately for anesthesia. In-
deed, patients sedated with �-2 agonists are remarkably
rousable; this may be because of unperturbed excitatory neu-
rotransmission (perhaps orexin signaling68) overcoming the
norepinephrinergic suppression.76

In sum, given that (1) GABAergic anesthetics suppress
histamine and orexin neurotransmission but do not perturb
norepinephrine signaling; (2) data from the IFT and case
reports of anesthesia awareness demonstrate connectedness
during anesthesia; (3) norepinephrinergic activity is sup-
pressed during sleep when we are disconnected but is poorly
suppressed during GABAergic anesthesia; and (4) norepi-
nephrinergic signaling is known to play a role in enhancing
cortical responses to external stimuli; it is likely that norepineph-
rine signaling plays an important role mediating connectedness
and it follows that �-2 agonists may therefore aid in the suppres-
sion of environmental connectedness under anesthesia.

During anesthesia, a “thalamic gate” has also been pro-
posed to block ascending sensory information, because tha-
lamic hyperpolarization closes the “gateway” to the cortex.77

The thalamus is most likely to block transfer of external
information when hyperpolarized and enters a oscillatory
burst-firing mode identified by electroencephalogram spin-
dles;78,79 this may be a biomarker of the “thalamic gate.”
Abundant spindle activity can be seen in approximately 60%
of patients intraoperatively.80 However, loss of spindle activ-
ity is a common response to surgical stimulation.81 There-
fore, although the anesthetized thalamus does filter some
information,77 the thalamic “gate” is rarely absolutely closed
(evidenced by the activation of primary sensory cortices dur-
ing anesthesia61).

Similar to the ventral attention network, the thalamus
receives significant norepinephrinergic innervation.82 When
falling into natural sleep or with sedation with �-2 agonist,
norepinephrine signaling fades, and in parallel there is re-
duced thalamic activity83,84 (evidenced by spindle activity in
sleep and during dexmedetomidine sedation84). In keeping
with the limited effect of GABAergic anesthetics on norepi-
nephrinergic signaling, propofol and midazolam poorly sup-
press thalamic activity at doses that prevent spontaneous
unresponsiveness.56,76 Thus continuing norepinephrinergic
signaling during GABAergic sedation may maintain tha-
lamic activity, leaving the “gate” open. Supplementation of
anesthesia with an agent that suppresses norepinephrinergic
activity, such as �-2 adrenergic agonist, may reinforce tha-
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lamic hyperpolarization and help close the “thalamic gate”
(again, this must be confirmed in further studies).

Mechanisms of Unresponsiveness

Given the behavioral similarities between sleep and anes-
thesia, it is unsurprising that anesthetics act, in part, on
endogenous sleep pathways to reduce responsiveness.79,85

In particular, suppression of histamine release from the tu-
beromammillary nucleus appears important for anesthe-
sia.18,67,79 Anesthetic effects in the brainstem also play an
important role in producing unresponsiveness by reducing
motor tone and inhibiting spontaneous motor responses.86,87

Furthermore, actions in the ventral horn of the spinal cord
prevent reflex motor responses.88 Nonetheless, clinical data
from the IFT show that anesthetics appear to differentially
affect spontaneous and goal-directed responsiveness, i.e., pa-
tients do not move spontaneously but will to verbal com-
mand. Next we explore the potential neurobiological expla-
nations for this finding.

Based on neuroimaging studies,55,56,75 corticothalamic
connectivity (the substrate of consciousness) does not appear
to play an important role in the mechanism of unresponsive-
ness (fig. 3). One interesting possibility is that reduced his-
tamine release18 (and potentially other neurotransmitters),
associated with anesthetic-induced spontaneous unrespon-
siveness, does not lead to a breakdown in corticothalamic
network connectivity but preferentially affects subcortical
areas.55 Several subcortical structures are innervated by the
tuberomamillary nucleus, notably the amygdala and basal
ganglia,89 and are affected by low doses of anesthetics.55,90

The subcortical regions affected play a role in learning, mem-
ory, motivation, and emotion, as well as motor output by
action selection.91 Propofol-induced spontaneous unrespon-
siveness is associated with reduced activity and connectivity
of subcortical regions, in particular the putamen and
amygdala.55 A similar reduction of hippocampal-amygdala
connectivity has been noted at subhypnotic levels with sevo-
flurane.90 Reduced histamine release into subcortical regions
may be particularly important for producing spontaneous
unresponsiveness by impairment of motivation/decision-
making and action selection.

Amygdala activity and connectivity is highly susceptible
to anesthetics.55,90 The amygdala also plays an important
role in decision-making likely by ascribing value to an expe-
rience or action.92 Inhibition of the amygdala during anes-
thesia may reduce the “value” of responding to stimuli.

The putamen plays a prominent role in the integrated
basal ganglia circuit that controls motor output via selection
of a particular action from competing options.91 As its activ-
ity/connectivity is suppressed by propofol55 and increased by
sleep deprivation,93 it appears sensitive to arousal. Damage

to the putamen is associated with loss of habitual behavior,
forcing patients into a goal-directed type of behavior.91 It is
likely that disconnection of the putamen during anesthesia
perturbs basal ganglia action selection, contributing to anes-
thesia-induced spontaneous unresponsiveness by acting in
concert with anesthesia-mediated inhibition of descending
and ventral horn control of motor responses.86,87 In sum-
mary, the behavioral phenotype of spontaneous unrespon-
siveness may result from reduced ability to select a particular
motor action out of a set of alternatives superimposed on
descending motor inhibition from the brainstem resulting in
a resting, “default” motor profile: unresponsiveness.

The loss of connectivity of the amygdala and putamen
may also contribute to patient passivity, because decision-
making is impaired (loss of the “value” of responsiveness).
Because of basal ganglia effects, it is plausible that spontane-
ous motor responses may be impaired during the IFT, but
may be overridden when patients follow predefined com-
mands (goal-directed behavior).# Anesthestic effects on the
amygdala may also reduce the emotion and fear associated
with pain, perhaps explaining why positive IFT responses are
rarely associated with pain (table 2). The amygdala may be
seen as an “amplifier” that acts to disseminate warning signals
throughout the brain.92 During anesthesia, this amplifier is
turned down, reducing the impact of nociceptive signaling.
Pain is also relatively rare in case reports of “anesthesia aware-
ness”; instead, feelings of weakness, paralysis, and helpless-
ness and hearing noises are typically reported.26 Therefore it
is clear that the subcortical anesthetic effects do not abrogate
all the distress of connected consciousness during anesthesia.

Clinical Implications and Future Directions
The most secure way of suppressing connected consciousness
is to induce unconsciousness with deep-enough anesthesia.
However, an alternate strategy is to reinforce the disconnec-
tion. Overall we advocate “balancing anesthesia” to ensure
adequate suppression of a range of neurotransmitters that
may be involved with consciousness and connectedness, and
specifically enhanced suppression of norepinephrinergic sig-
naling for a given “dose” of GABAergic anesthetic (a pro-
posal that requires formal testing). We argue that achieving a
depth of anesthesia that produces unconsciousness may be
unnecessary, provided the patient is disconnected from the
environment.

Depth of Anesthesia Monitors: Limitations
and Future Directions
Present depth of anesthesia monitors have been developed
based on the assumption that responsiveness and connected
consciousness are causally linked and are not dissociable.
However, we have provided evidence that consciousness can
occur in states of reduced responsiveness (e.g., REM sleep),
even in states of reduced arousal. This will result in both false
negative and false positive errors, which cannot be overcome

# It is of interest that the studies of lucid dreaming and the IFT all
predefined the commands. This may be an important factor in
determining the ability of patients to respond in sleep or anesthesia.
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with more sophisticated signal-processing techniques. The
numerous reports of failed detection of consciousness with
recall,94 dreaming,11,95 and response on the IFT (connected
consciousness)33,34,96 by currently-used depth of anesthesia
monitors are eloquent witness to this problem. To detect
consciousness reliably, the electroencephalographic index
should directly correspond with the actual neurobiological
process required for consciousness, i.e., corticothalamic inte-
gration of information.

For detecting consciousness, the use of transcranial mag-
netic stimulation and high-density electroencephalogram
under anesthesia appears particularly promising,51 given that
connectivity can be used as a measure of the neural correlates
of consciousness independent from arousal level and respon-
siveness.14,52 Furthermore, this technology is not based on
measures of behavioral responsiveness, but on objective evi-
dence for corticothalamic integration of information. How-
ever, before it can be routinely employed in the operating
room, this technology will have to significantly refined and
simplified.

However, as mentioned above, a monitor that detected all
conscious activity (including transcranial magnetic stimula-
tion and high-density electroencephalogram monitoring)
could result in unnecessarily deep anesthesia, particularly
when adjunctive N2O, opioids, or ketamine are used in the
anesthesia. In order to be clinically useful, we propose that, in
addition to separating measures of responsiveness and con-
sciousness, monitors need to specifically identify connected
consciousness.

Research into the mechanism of connectedness is ur-
gently needed to identify measures that are casually related to
the ability to experience external stimuli. Evoked potentials
offer a possible route to evaluating connectedness, although
it is unclear which attributes of evoked potentials could lead
to a reliable measure of connectedness. Evoked potential
changes that correlate with IFT responsiveness (such as am-
plitude changes in mid-latency auditory-evoked poten-
tials32) represent one approach to identify biomarkers of con-
nected consciousness under anesthesia. The long latency
components of an evoked response also offer promise as they
are perturbed during anesthesia,97–99 in vegetative-state pa-
tients,100 and inhibition of the long-latency electrophysio-
logical response to a visual stimulus in the brain prevents the
experience of the external stimulus.101 Indeed, these long-
latency responses typically depend on backward (anterior to
posterior) connectivity that are sensitive to anesthetic
agents.61,97–99,102,103 Using a mismatch negativity paradigm
of auditory-evoked potentials (where an “oddball” sound is
intermittently mixed with a standardized repeated sound),
long-latency responses and fronto-temporal connectivity
were found to be absent in vegetative state patients relative to
controls.100 However, mismatch negativity responses can be
similar in wakefulness and REM sleep;104 therefore, it is
unclear how well these responses reflect connectedness. Fur-

ther research is required to the correlation between evoked
responses, connectedness, and IFT responsiveness.

Another surrogate measure of connectedness, activity/
connectivity of the ventral attention network, may already be
measured. However, it is possible that ventral attention net-
work activation may occur following environmental con-
nectedness, particularly following noxious stimulation, and
so would merely inform the anesthesiologist that the patient
is already connected. Nonetheless, a measure such as this
would inform the anesthesiologist that either a greater dose
of anesthetic/analgesic is required or increased suppression of
norepinephrinergic signaling is required.

Emergence from Anesthesia and Delirium
Finally, there are some implications for emergence from an-
esthesia. Unexpected connected consciousness during anes-
thesia can be viewed as “anesthesia awareness.” However,
manipulating the emergence sequence of consciousness-con-
nectedness-responsiveness may also prove important for
emergence from anesthesia and sedation. We have already
discussed the value of sequential activation of consciousness-
connectedness-responsiveness when waking from REM sleep
to ensure that conscious cognitive processing is active before
connecting to the environment. By contrast, awakening
from a NREM like state can result in sleep inertia, a state of
confusion on awakening. We suggest that a similar problem
may underlie emergence delirium in anesthesia and some
forms of delirium in the critically ill, where conscious pro-
cessing is impaired by increased GABAergic inhibitory tone
within the corticothalamic network.105 In these states, con-
nectedness can be considered to have occurred too rapidly,
before the subject was sufficiently conscious to allow com-
plex conscious cognitive interaction with the environment.
Our proposal is consistent with the idea that connectedness is
under norepinephrinergic control and that emergence from
anesthesia is slowed by reducing norepinephrinergic signal-
ing.106 Emergence delirium can be considered as a state of
excess noradrenaline, with relatively low levels of other excit-
atory neuromodulators, such as acetylcholine and histamine
(possibly through increased GABAergic signaling105). This
may account in part for why �-2 adrenergic drugs may have
utility in the treatment and prevention of delirium,107,108

and why antimuscarinic (e.g., hyoscine) and GABAergic
drugs (e.g., benzodiazepines) worsen delirium.105

Conclusions
Anesthesiologists must remain cognizant that unresponsive-
ness � unconsciousness and that connected consciousness �
spontaneous responsiveness. Lack of spontaneous responsive-
ness does not inform us that the patient is not experiencing
surgery. Furthermore, we argue that amnesia of events
under anesthesia is not a sufficient aim for anesthesiologists,
but rather a key aim of anesthesia is to prevent the experience
of surgery. Calculation of the numbers needed to treat for

EDUCATION

Anesthesiology 2012; 116:946 –59 Sanders et al.955

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/116/4/946/256557/00000542-201204000-00034.pdf by guest on 19 M
ay 2023



“explicit recall of surgery” versus “lack of experience of sur-
gery” illustrates that anesthesia may not be as successful as we
think. The number of patients needed to treat to prevent
explicit recall of surgery is approximately 1.002 (based on an
incidence of “anesthetic awareness” of 0.2%109,110); the
numbers needed to treat to prevent connected consciousness
(based on the median responsiveness value from studies of
the IFT of 37%) is 1.587.

Future depth-of-anesthesia monitors should focus on spe-
cific biomarkers of both consciousness and connectedness.
We hypothesize that norepinephrinergic signaling influences
the potential for connected consciousness, and therefore sup-
plementation of anesthesia with an �-2 adrenergic agonist
may have a beneficial role in preventing this connectedness.
Advance in anesthesiology requires that the component fea-
tures of anesthesia, consciousness, connectedness, and re-
sponsiveness, be adequately unbundled.

Appendix. Theories of Consciousness:
Global Workspace Theory and Cognitive
Binding
The Global Workspace Theory44,45 suggests that different brain
regions broadcast their information into a “global workspace”
shared across the corticothalamic network and in particular bilateral
frontoparietal regions. This has been likened to a stage (the global
workspace), where a spotlight (consciousness) illuminates an actor
speaking to many unconscious audience members (representing
unconscious neural processes). More actors are waiting in the wings
to replace the one on stage, a decision made in part by attention.
The theory suggests that the global workspace acts as a distribution
center for information. This theory has gained support from sleep,
coma, and anesthesia studies that have demonstrated reduced activ-
ity within frontoparietal regions (thought to represent the global
workspace) with loss of consciousness.47

Cognitive binding attempts to tackle the binding problem, de-
fined as the problem of binding together in a single unified percept
the different features of an object.48 Binding of information has
been proposed at neural (convergent binding), systems (assembly
binding), and global (synchronous binding) levels.48 Indeed, there
is evidence that each of these mechanisms of binding play a role in
different cognitive processes including perception. At a macro-
scopic level, electroencephalogram-measured � oscillations are
thought to play a role in synchronous cognitive-binding integrating
information across the corticothalamic network through coinci-
dence detection of neural-firing patterns.48,120 In humans, anesthe-
sia has been proposed to unbind cognitive processes by inhibiting �
oscillations and their coherence.48,120
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