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KEY POINTS

!□! Anesthesiologists

rely extensively on physiologic signals and anesthetic dosing strategies to
infer and to track states of the brain and central nervous system under general anesthesia.
!□! Heart rate and systemic arterial blood pressure changes are the principal physiologic signals
used to monitor the anesthetic state of patients receiving general anesthesia.
!□! Use of the neurologic examination during induction of and emergence from general anesthesia
can provide information regarding loss and recovery of consciousness.
!□! Electroencephalogram (EEG)–based indices are used to track the level of unconsciousness of
patients receiving general anesthesia. The most commonly used EEG-based indices are the
bispectral index (BIS), the Patient Safety Index (PSI), Narcotrend, and Entropy.
!□! Real-time analysis of the unprocessed EEG and the spectrogram (density spectral array) is a highly
informative way to monitor the level of unconsciousness of patients receiving general anesthesia.
!□! Use of the unprocessed EEG and spectrogram for real-time monitoring of the level of unconsciousness is made possible by the fact that the EEG oscillations of anesthetized patients change
systematically with anesthetic dose, with anesthetic class (mechanism of action), and patient age.
!□! Anesthetic-induced oscillations are one of the primary mechanisms through which these agents
induce altered arousal states such as sedation and unconsciousness. Therefore, real-time monitoring of the unprocessed EEG and the spectrogram provide a scientifically based, practical, and
patient-specific way to track sedation and unconsciousness in the operating room.
!□! Normalized symbolic transfer entropy (NSTE) is an approach for quantifying how changes in
frontoparietal functional connectivity relate to anesthesia-induced changes in consciousness.
!□! In the future, closed-loop anesthetic delivery (CLAD) systems may provide highly accurate ways
to control states of general anesthesia, medical coma, and sedation.
!□! Obtaining reliable quantitative markers of nociception is an active area of investigation.

General anesthesia is a drug-induced reversible condition
composed of four behavioral and physiologic states: antinociception, unconsciousness, amnesia, immobility; and
stability of the physiologic systems, including the autonomic, cardiovascular, respiratory, and thermoregulatory systems.1-3 Continuously monitoring the status of the
patient during general anesthesia is crucial for safe and
proper delivery of anesthesia care. The physiologic state of
the patient under general anesthesia is commonly monitored using the electrocardiogram and an arterial blood
pressure cuff, or an arterial catheter, to monitor the cardiovascular system. In more complex cases, a central venous
catheter can be used to monitor central venous pressures,
and a pulmonary artery catheter can be placed to monitor
cardiac output and pressures in the heart and pulmonary
circulation. Transesophageal echocardiography can be
used intermittently to gain direct visual information about
the anatomy and function of the heart. The capnogram provides a continuous readout of the level of expired carbon
dioxide and respiration. In intubated patients, more detailed

information about the state of the lungs can be acquired
from the pressure and volume tracings on the ventilator.
The pulse oximeter estimates the level of hemoglobin saturation in the arterial blood, and the thermometer tracks body
temperature. Muscle relaxation, or immobility, is monitored
primarily using a train-of-four stimulation device, and more
grossly by observing changes in muscle tone or movement.
Monitoring the behavioral states is more challenging. During general anesthesia, amnesia is not monitored
directly but implicitly by the extent to which unconsciousness is achieved. If the patient is unconscious and not simply conscious but unresponsive, the patient will likely have
amnesia. In this chapter, we discuss approaches for monitoring unconsciousness and analgesia, or more accurately
stated antinociception, and each of the three phases of general anesthesia: induction, maintenance, and emergence.
This chapter’s focus is on physiologic signs and neurologic examination findings, and the electroencephalogram
(EEG)–based measures, used to track these states of general
anesthesia.
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Induction of General Anesthesia
Monitoring of a patient’s level of consciousness begins
at induction of general anesthesia. Induction is usually
achieved by an intravenous bolus dose of a hypnotic drug
such as propofol, a barbiturate, ketamine, or etomidate.
Unconsciousness usually occurs in 10 to 30 seconds. The
brain state of the patient, which in this case is the transition into unconsciousness, is tracked by monitoring the
patient’s physiologic signs and the EEG-based index.

PHYSIOLOGIC SIGNS OF LOSS OF
CONSCIOUSNESS
When a hypnotic drug is administered to induce general
anesthesia—usually as an intravenous bolus over a 5- to
10-second period—several physiologic signs are observed.
If asked to count backwards from 100, the patient typically
does not get beyond 85 to 90. This transition into unconsciousness can be followed easily by asking the patient to
perform smooth pursuit of the anesthesiologist’s finger.1 In
smooth pursuit, the patient is instructed to move his or her
eyes to track the position of the anesthesiologist’s finger.
As loss of consciousness ensues, the lateral excursions of
the eyes during smooth pursuit decrease, nystagmus may
appear, blinking increases, and the eyes fix abruptly in the
midline. The oculocephalic reflex and the corneal reflex are
lost, but the pupillary response to light can remain intact.
The patient typically becomes apneic, atonic, and unresponsive at the point when the oculocephalic reflex is lost.
The oculocephalic reflex is assessed by turning the
patient’s head from side to side, while lifting the eyelids.
Before administration of the induction anesthetic, when
the reflex is intact in a patient with no neurologic deficits,
the eyes move in the direction opposite the motion of the
head. When the reflex is lost, the eyes stay fixed in the
midline.4 The oculocephalic reflex requires the circuits of
cranial nerves III, IV, VI, and VIII to be intact. The motor
nuclei associated with cranial nerves III and IV are located
in the midbrain, whereas the nucleus of cranial nerve VI
is located in the pons. The corneal reflex has traditionally
been assessed using a wisp of cotton at the corner of the eye
to stroke the cornea. An easier way to assess the reflex is
to allow a drop of sterile water to fall on the cornea. Using
a drop of sterile water may be safer than using the wisp of
cotton, because the former is less likely to cause a corneal
abrasion. With either approach, the reflex is intact if the
eyes blink consensually, is impaired if there is a blink in one
eye and not the other, and is absent if there is no blink. The
afferent component of the corneal reflex travels to the sensory nucleus of the cranial nerve V through the ophthalmic
branch, whereas the efferent component arises from the
motor nucleus of the cranial nerve VII. The nuclei for these
nerves associated with the oculocephalic reflex and the corneal reflex lie in close proximity to the arousal centers in the
midbrain, pons, hypothalamus, and basal forebrain.4
Loss of the oculocephalic reflex suggests that the motor
nuclei required for eye movements have been affected by
the anesthetic. Similarly, loss of the corneal reflex suggests
that the nuclei that control sensation and motor responses
to sensation on the eyes and the face have also been affected.
Because the loss of the oculocephalic and corneal reflexes

occur concomitantly with the loss of responsiveness, the
anesthesiologists can also infer that the loss of consciousness is due at least in part to the effects of the anesthetics on
the nearby arousal centers.1,4,5 Apnea, which commonly
occurs on induction of general anesthesia with bolus
administration of a hypnotic agent, is most likely due to the
inhibitory effects of the anesthetic on the dorsal and ventral
respiratory groups in the medulla and pons, respectively.6
Atonia can be due to anesthetic action at any one of multiple sites in the motor pathways between the primary motor
areas and the spinal cord. The most likely brainstem sites
are the pontine and medullary reticular nuclei.2
Loss of the oculocephalic reflex, the corneal reflex,
apnea, and atonia occur concomitantly with loss of consciousness on induction of general anesthesia because of
the actions of the hypnotic drug in the brainstem after
an intravenous bolus. Blood containing the anesthetic
reaches the brainstem through the basilar artery, which
supplies the posterior cerebral arteries that provide the
posterior input to the circle of Willis.5 Before terminating in the posterior cerebral arteries, the basilar artery
runs on the dorsal surface of the brainstem and gives off
multiple penetrating arteries that perfuse the brainstem
nuclei with the anesthetic leading to the observed physiological effects.!

ELECTROENCEPHALOGRAM-MARKERS OF LOSS
OF CONSCIOUSNESS
EEG-based indices are among the most commonly used
methods for tracking loss of consciousness induced by general anesthesia.7 With induction of general anesthesia,
these indices usually change from high values that indicate the awake state to lower values that indicate states of
sedation and unconsciousness.!

Maintenance of General
Anesthesia: Physiologic Signs
and the Nociceptive-MedullaryAutonomic Pathway
Despite the many advances in anesthesia care, the physiologic signs of changes in heart rate, arterial blood pressure,
and movement are the measurements most commonly used
to track the anesthetic state during maintenance of general
anesthesia.8 When the state of general anesthesia is not
adequate for the level of surgical (nociceptive) stimulation,
heart rate and arterial blood pressure can increase dramatically. The changes in heart rate and arterial blood pressure
that anesthetized patients show in response to a nociceptive stimulus can be explained in terms of the nociceptivemedullary-autonomic (NMA) circuit composed of the
spinoreticular tract, the brainstem arousal circuits, and the
sympathetic and parasympathetic efferent pathways (Fig.
40.1).1,9 It is important to understand how the NMA circuit
works because it is the pathway most used by anesthesiologists for monitoring the patient’s level of unconsciousness and antinociception. One example is a description of
the NMA pathway in a clinical context that is commonly
observed in the operating room.
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Fig. 40.1 Nociceptive medullary autonomic circuit. The ascending
nociceptive (pain) pathway starts with C fibers and A-delta peripheral
afferent fibers that synapse on projection neurons (PNs) in the dorsal
horn. The PNs cross the midline, course to the brain where they synapse
at several targets, including the nucleus of the tractus solitarius (NTS)
in the medulla. The NTS mediates the autonomic response to a nociceptive stimulus by increasing sympathetic output through the rostral
ventral lateral medulla (RVLM) and the caudal ventral lateral medulla
(CVLM), which projects to the thoracolumbar sympathetic ganglia. The
ganglia project to peripheral blood vessels and the heart. The nucleus
ambiguous (NA) mediates the parasympathetic output to the sinoatrial
node of the heart through the vagus nerve. The NTS projects also to
the supraoptic nucleus (SON) and periventricular nucleus (PVN) in the
hypothalamus. The NMA circuit is the reason why anesthesiologists
use increases in blood pressure and heart rate as markers of increases
in nociceptive stimulation and, possibly, a level of general anesthesia
that is inadequate. DRG, Dorsal root ganglion. (Redrawn from Brown
EN, Lydic R, Schiff ND. General anesthesia, sleep, and coma. N Engl J Med.
2010;363:2638–2650.)

Suppose that a patient is in a stable state of general anesthesia when, to gain better exposure, the surgeon moves the
retractor. Suppose also that this maneuver induces an immediate increase in heart rate and arterial blood pressure. Assuming, that there are no occult hemodynamic or respiratory
problems or other common issues that increase heart rate and
arterial blood pressure, then these increases likely occurred
because the level of general anesthesia did not maintain an
adequate level of antinociception. By simultaneously monitoring, in addition, the level of muscle relaxation and oxygen
saturation, and oxygen delivery, along with EEG-based indices to track level of unconsciousness, the anesthesia provider
can determine that these increases are due to inadequate antinociception and decide to administer more analgesic.
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The ascending nociceptive (pain) pathway begins with
A-delta and C-fibers whose free nerve endings bring nociceptive information from the periphery to the spinal cord
(see Fig. 40.1).10 In the spinal cord, these fibers synapse in
the dorsal horn on projection neurons that travel through
the anterolateral fasciculus and synapse at multiple sites
in the brainstem, including the nucleus of the tractus solitarius in the medulla.1,9 The autonomic response to a nociceptive stimulus is initiated from the nucleus of the tractus
solitarius, which mediates sympathetic output through
the rostral ventral lateral medulla and the caudal ventral
lateral medulla to the heart and peripheral blood vessels
through projections to the thoracolumbar sympathetic
ganglia.1 The parasympathetic output from the nucleus
of the tractus solitarius is mediated through the nucleus
ambiguous, which projects through the vagus nerve to the
sinoatrial node of the heart.1 The nucleus of the tractus
solitarius also projects to the periventricular nucleus and
supraoptic nucleus in the hypothalamus. Thus the nociceptive stimulus of moving the retractor initiates an increase
in sympathetic output and a decrease in parasympathetic
output through the NMA circuit that rapidly results in the
observed increases in heart rate and arterial blood pressure.
The NMA circuit explains why increases in heart rate
and arterial blood pressure are used as a rapid indicator of
an inadequate level of antinociception. If unconsciousness
is sufficiently well maintained, then no EEG changes will
likely be observed. If no acute changes in physiology occur
for other reasons, such as bleeding, hypoxemia, disconnection of the breathing circuit, or inadequate dosing of the
muscle relaxant, the appropriate treatment is administration of more analgesic medication.
Activity in the NMA circuit can be observed rapidly
when a patient is under general anesthesia,11 because this
pathway is a fundamental component of the fight-or-flight
response.12 This circuit is used as a sentinel for detecting
nociceptive stimuli that can lead to autonomic, stress, and
arousal responses. Heart rate and arterial blood pressure
changes are the principal markers of activity under general
anesthesia because motor responses are often blocked by
muscle relaxation. Neurologists frequently test the NMA
circuit with nociceptive stimuli, such as total body pinches,
nail bed pinches, and sternal rubs, to evaluate the level of
arousal of patients with brain injuries that affect the level of
consciousness.4,13,14
Other signs of inadequate antinociception are perspiration, tearing, pupil dilation, and return of muscle tone and
movement.8 Changes in muscle tone and movement are
not observed if the patient is receiving a muscle relaxant.
The galvanic skin response has also been studied as a potentially more objective measure of antinociception. However,
it is not used in clinical practice.15!

Maintenance of General Anesthesia:
Electroencephalogram-Based
Indices of Level of Consciousness
It is widely recognized that the EEG changes systematically
in relation to the dose of anesthetic drug administered (Fig.
40.2).1,7,16-18 As a consequence, the unprocessed EEG and
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Fig. 40.3 Anesthetic states and the bispectral index (BIS). The chart
provides a behavioral interpretation of the values of the BIS. EEG, Electroencephalogram. (Redrawn from Kelley SD. Monitoring Consciousness:
Using the Bispectral Index. 2nd ed. Boulder, CO: Covidien; 2010.)
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Fig. 40.2 Anesthetic states and electroencephalogram signatures
of propofol. (A) Awake electroencephalogram pattern with eyes
open. (B) State of paradoxical excitation. (C) Beta (13-25 Hz) oscillations
frequently associated with an arousable state of sedation. (D) Slow
(0.1-1 Hz), delta (1-4 Hz), and alpha (8-12 Hz) oscillations commonly
seen during unconsciousness at surgical planes. (E) Slow oscillations
typically recorded during propofol induction and during deep dexmedetomidine sedation (see Fig. 40.8, D). (F) Burst suppression, a state
of profound anesthetic-induced brain inactivation, seen commonly in
the elderly during normal maintenance, anesthetic-induced coma, and
hypothermia. (G) Isoelectric electroencephalogram pattern commonly
observed in brief periods during normal maintenance, in anestheticinduced coma, and profound hypothermia.

various forms of processed EEG have been used to track the
level of unconsciousness of patients receiving general anesthesia and sedation. Several EEG-based index systems have
been studied and used in clinical practice. These systems
process the EEG and provide an index value or set of values in real time or near real time that can be used to track
the level consciousness. In general, the indices are designed
to decrease with decreasing level of consciousness and
increase as consciousness returns. In this way, the anesthesia provider can use these indices along with the physiological signs to track the patient’s state of unconsciousness
and, to some degree, antinociception. A summary of the
EEG-based indices that have received the most use in clinical practice and clinical studies follows.

BISPECTRAL INDEX
The bispectral index (BIS) is an empirically derived scale
that was proposed in 1994 by Aspect Medical Systems

(later acquired by Covidien [Boulder, Colorado] and lastly
by Medtronic [Minneapolis, Minnesota]) as a novel way to
monitor anesthetic state in patients receiving general anesthesia and sedation.19,20 The algorithm processes the EEG
in near real time and computes an index value between 0
and 100 that indicates the patient’s anesthetic state (Fig.
40.3).21,22 A value of 100 corresponds to being completely
awake, whereas 0 corresponds to a profound state of coma
or unconsciousness that is reflected by an isoelectric or
flat EEG. The BIS algorithm is proprietary, and the actual
computation through which the index is derived is not
public knowledge. However, it is known that BIS combines
information from three EEG analyses: the spectrogram, the
bispectrum, and a time domain assessment of burst suppression.21-23 The spectrogram is a decomposition of the
EEG into its power content by frequency as a function of
time.21 The bispectrum measures the degree of nonlinear
coupling between pairs of frequencies in the spectrogram.21
The BIS algorithm works by measuring specific features of
the spectrogram, the bispectrum, and the level of burst suppression, and uses a predetermined weighting scheme to
convert these features into the index value. The EEG also
undergoes various artifact corrections. Along with the
index value, the unprocessed EEG, the spectrogram, and
the level of electromyographic activity are displayed on the
monitor. Production of the index is computationally intensive, so that there is a 20- to 30-second lag between the time
the EEG is observed and the computation of the corresponding BIS value.24 A patient is considered to be appropriately
anesthetized (i.e., unconscious) when the value of the BIS is
between 40 and 60 (see Fig. 40.3).22,25 The EEG is recorded
from a four-lead frontal montage.
Since its approval by the US Food and Drug Administration (FDA) in 1996, the BIS monitor has been studied
extensively in clinical trials and used widely in anesthesiology practice. The changes in the index are correlated with the level of sedation and unconsciousness
(see Fig. 40.3), primarily because for many anesthetics,
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the EEG shows lower-frequency, higher-amplitude
oscillations as patients achieve deeper states of unconsciousness (see Fig. 40.2). Three exceptions are the anesthetics ketamine, nitrous oxide, and dexmedetomidine.
The dissociative anesthetic state produced by ketamine
is associated with prominent high-frequency oscillations
rather than slow wave oscillations.26 As a consequence,
patients can be unconscious with ketamine but have
high index values.27
The effect of nitrous oxide on the BIS index is ambiguous.
Most recent studies state that nitrous oxide increases the
amplitude of high-frequency EEG activity28 and decreases
the amplitude of low-frequency EEG activity,29 yet it has
little to no effect on the BIS index.22,30 However, these
studies have not taken into account the state of profound
transient large-amplitude slow oscillations, followed by
lower amplitude gamma oscillations that have now been
documented to be common features observed when nitrous
oxide is administered in high-dose (>50%).31 In the case
of dexmedetomidine, slow oscillations and an appreciable
decrease in beta oscillation power32,33 are prominent during sedation.34-36 These dynamics most likely lead to BIS
values that are typically in the unconscious range, even
though the patient can be aroused by verbal commands
or light shaking.
As we discuss in the “Changes in EEG Signatures with
Aging” section, anesthetic-induced EEG oscillations change
systematically with age.26,37 BIS appears to work poorly
in older adults (>60), as patients in this age cohort tend to
have lower amplitude oscillations, which the BIS algorithm
can interpret as an awake state or state of unconsciousness. Similarly, the BIS algorithm is known to inaccurately
reflect the anesthetic state of children because they generally have much more power across a broader range of frequency bands when appropriately anesthetized compared
with adults in the 18 to 59 year age range.37,38 Hence,
even though the children may be well anesthetized, the BIS
algorithm provides numbers suggesting a state of sedation
rather than unconsciousness.
Use of the BIS monitor has been proposed as a way to
prevent intraoperative awareness, which is defined as
the patient having explicit recall of events that transpired
during the time that he or she was under general anesthesia. Use of the BIS monitor as a way to prevent intraoperative awareness was studied in the B-Aware Trial.39 This
study compared patients at high risk for awareness who
were randomly assigned to monitoring with BIS using
a target range of 40 to 60 and patients monitored with
the standard of care at that particular institution. The
patients in the BIS group had a significantly lower incidence of awareness.
The findings from this study were called into question
because of several design concerns, and for this reason the
B-Unaware Trial was conducted.40 The B-Unaware Trial
was a multicenter investigation that randomly assigned
patients to either BIS monitoring or monitoring of the
end-tidal anesthetic gas concentration to compare the
two approaches for preventing awareness. The end-tidal
gas concentration was maintained between 0.7 and 1.3 of
the age-adjusted minimum alveolar concentration (MAC)
of the anesthetic administered to the patient (discussed
under End-Tidal Anesthetic Concentration). As in the

1283

B-Aware Trial, the objective in the BIS-monitored group
was maintenance of the BIS value between 40 and 60.
This study found no significant difference in the incidence of awareness among the patients monitored with
BIS compared with those monitored with the end-tidal
gas concentration. The authors interpreted these findings to mean that BIS monitoring was not more effective than the end-tidal anesthetic criterion in preventing
awareness in patients receiving general anesthesia using
volatile anesthetics. Several concerns were expressed
about the findings of this study as well. The most notable
were subject selection and whether the study had sufficient power to detect actual differences, had they been
present.41,42
As a follow-up to this study, the investigators in the
B-Unaware Trail conducted the BIS or Anesthetic Gas to
Reduce Explicit Recall (BAG-RECALL) trial, a second trial
investigating whether BIS was superior to the end-tidal
anesthetic gas concentration in preventing intraoperative awareness in a larger group of patients at high risk for
awareness.41 In this trial, the investigators found that the
BIS-guided protocol was not superior to the end-tidal anesthetic concentration-guided protocol in preventing awareness. Because the B-Unaware trial and the BAG-RECALL
trial used inhaled anesthetics as the primary agents, their
conclusions do not apply to patients receiving total intravenous anesthesia.
Preventing awareness under general anesthesia is a
solvable problem if strategies used to monitor the brain
states of patients use markers that relate directly rather
than indirectly to the mechanisms through which the
anesthetics act at specific receptors and neural circuits to
alter level of arousal.1,43,44 Unlike the current EEG-based
indices, these markers will differ with patient age and different anesthetics, (See the Unprocessed EEG and the Spectrogram section).!

PATIENT SAFETY INDEX
The Patient Safety Index (PSI) is like the BIS index—a proprietary algorithm that assesses anesthetic state based on
the EEG for patients receiving general anesthesia or sedation. The PSI was approved by the FDA in 2000 and was
originally developed by Physiometrix (North Billerica,
Massachusetts), and was ultimately acquired by Masimo
(Irvine, California). The development of the PSI was the
outgrowth of several years of research conducted by E. Roy
John at the Brain Research Laboratory at the New York
University School of Medicine.45 Like the BIS index, the
PSI is also scaled between 0 and 100 (Fig. 40.4). However,
the PSI range to ensure that the patient is unconscious is
between 25 and 50.46
The original formulation of the PSI used an electrode
montage that included occipital and frontal EEG leads to
monitor the phenomenon of anteriorization as a marker of
change in anesthetic state. Anteriorization is the forward
shift of spectral power from the occipital area to the frontal area during loss of consciousness and the posterior shift
of this power from the frontal areas to the occipital areas
during the return of consciousness.44,47-49 The current formulation of the PSI uses a four-lead frontal EEG montage.
In addition to displaying the PSI, this monitor also shows
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Fig. 40.4 Anesthetic states and the patient safety index (PSI). The histogram provides the anesthetic state interpretation of the values of the PSI.
IA, Inhaled anesthetics; N/N, nitrous narcotic; TIVA, total intravenous anesthesia. (Redrawn from Drover D, Ortega HR. Patient state index. Best Pract Res Clin
Anaesthesiol. 2006;20:121–128.)

in real time the unprocessed EEG and its spectrogram from
both the left and right sides of the head, the level of electromyographic activity, an artifact index, and the suppression
ratio. The suppression ratio is a number between 0 and 100
that measures the fraction of time the EEG is in burst suppression. The monitor also allows the user to change the
viewing screen among various combinations of the unprocessed EEG traces, the spectrogram, and the time series of
the PSI values.
In head-to-head comparisons, the PSI correlates
strongly with the BIS readings in terms of tracking a
patient’s anesthetic state.50-52 This monitor has been less
frequently studied in clinical investigations and has not
received the same level of clinical use as the BIS monitor.
In our experience, the PSI can also give ambiguous information for ketamine, nitrous oxide, dexmedetomidine,
and pediatric patients.!

NARCOTREND
The Narcotrend, produced by MonitorTechnik (Bad
Bramstedt, Germany), is an EEG-based device designed to
monitor the anesthetic state in patients receiving general
anesthesia or sedation.53 This monitor was developed at
the University Medical School of Hanover, Germany, and
has been approved by the FDA for use in the United States
for patient care. Like the BIS and PSI, the Narcotrend uses
a proprietary algorithm that converts the EEG into different states, denoted as A to F (Table 40.1).54 Stage A corresponds to the patient being wide-awake, whereas stage
F corresponds to increasing burst suppression down to
an isoelectric state. The newer version of the Narcotrend
monitor includes a Narcotrend Index, which is scaled
between 0 and 100.51 In addition, the Narcotrend monitor
displays the unprocessed EEG signal and its spectrogram.
This monitor has also been validated with respect to the
BIS index and separately. Its performance has been variable.24,55,56 Narcotrend has received less clinical use than
BIS and PSI.!

TABLE 40.1 Anesthetic States, the Narcotrend Stages,
and Narcotrend Index Ranges
Narcotrend Stage

Narcotrend Index

Awake

A
B0

95-100
90-94

Sedated

B1
B2

85-89
80-84

Light anesthesia

C0
C1
C2

75-79
70-74
65-69

General anesthesia

D0
D1
D2

57-64
47-56
37-46

General anesthesia
with deep hypnosis

E0
E1
E2

27-36
20-26
13-19

General anesthesia with
increasing burst
suppression

F0
F1

5-12
1-4

The table provides the anesthetic state interpretation of the Narcotrend
Stages and the Narcotrend Index values.
From Kreuer S, Wilhelm W. The Narcotrend monitor. Best Pract Res Clin Anaesthesiol. 2006;20:111–119.

ENTROPY
The use of entropy to track the anesthetic state of patients
is a relatively new monitoring approach. Entropy is a wellknown concept in the physical sciences, mathematics, and
information theory. Entropy measures the degree of disorder or the lack of synchrony or consistency in a system.57
Entropy-based analyses have been applied to the EEG and
have been used to construct EEG-based indices meant to
indicate the depth of anesthesia. The Entropy monitor
was developed by Datex-Ohmeda, which is now part of GE
Healthcare (Little Chalfont, United Kingdom). The algorithm in the GE device uses frequency domain analysis,
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dexmedetomidine do not necessarily indicate a profound
state of unconsciousness.!
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Fig. 40.5 Schematic representation of the spectral entropy. The
response entropy (RE) is computed from the power in the frequencies between 0 and 47 Hz. The state entropy (SE) is computed from the
power in the frequencies between 0 and 32 Hz. The power between
32 and 47 Hz is assumed to represent artifacts coming from the electromyogram (EMG). The difference between the RE and SE allows the
anesthesiologist to distinguish between electroencephalogram (EEG)
changes related to changes in the anesthetic state and changes that
are due to artifact or movement. (Redrawn from Bein B. Entropy. Best
Pract Res Clin Anaesthesiol. 2006;20:101–109.)

combined with burst suppression to measure the entropy
of the EEG in patients receiving anesthetic drugs. Unlike
several of the other algorithms we have discussed, the
entropy algorithm used in the GE entropy device is publicly
available.58,59
A readily apparent feature of the EEG, as patients proceed through deeper anesthetic states, is that the patterns
become more regular and ordered (see Fig. 40.2). That
is, we observe an apparent decrease in the entropy of the
EEG signal. The Entropy monitor reports two entropy
numbers to aid in interpreting this monitor’s EEG analysis (Fig. 40.5).60 The first is the response entropy (RE)
and the second is the state entropy (SE). The RE tracks
the changes in the EEG power in the higher frequency
range 0.8 to 47 Hz, whereas the SE tracks the changes
in the EEG power in the lower frequency range of 0.8 to
32 Hz.58 The relative changes in the RE and the SE have
been proposed as a way to distinguish between real brain
state changes versus those that are due to muscle activity
on the electromyogram.58 In general, electromyographic
activity shows up in the higher frequency range tracked
by the RE. As a patient becomes more profoundly unconscious, the RE declines faster than the SE, thereby making
it possible to distinguish unconsciousness from movement artifacts. Monitoring entropy is consistent with
changes with the BIS.61
Like the BIS, PSI, and Narcotrend, the Entropy scores
correlate with anesthetic state. The Entropy monitor,
like BIS and the PSI, can show paradoxically high readings for ketamine and nitrous oxide. The Entropy scores
can be misleading when the patient is receiving dexmedetomidine, because the highly ordered slow waves
that are present commonly during deep sedation with

In 1965, Eger and colleagues first introduced the concept
of the MAC of an inhaled anesthetic required for immobility
(defined as lack of movement in response to noxious stimulation).62 Five years later, Eger’s group also introduced the
concept of MAC-awake, or the MAC of inhaled anesthetic necessary to ablate response to a verbal command.63 The median
MAC value (i.e., the MAC of inhaled anesthetic required for
immobility in 50% of patients) remains the gold standard
for dosing inhaled anesthetics, and some modern anesthesia
machines calculate age-adjusted MAC values based on the
patient’s end-tidal anesthetic gas concentration. However,
the ratio of MAC to MAC-awake varies widely among general
anesthetics,64 suggesting that MAC cannot be used to define
or predict brain states in anesthetized patients. This has been
confirmed by animal experiments demonstrating that there
is no clear association between anesthetic-induced EEG patterns and immobility,65 and that inhaled anesthetics produce
immobility primarily through their actions in the spinal cord,
rather than the brain.66,67 Nevertheless, the widely accepted
concept of MAC has led to the use of end-tidal anesthetic concentration as a way to monitor anesthetic state induced by
inhaled anesthetics.
As mentioned previously, this use of MAC has been supported by the B-Unaware Trial, which reported no difference in the incidence of intraoperative awareness with an
anesthetic protocol that maintained the BIS value between
40 and 60, and a protocol that maintained an end-tidal
anesthetic concentration between 0.7 and 1.3 MAC.40
Similarly, the BAG-RECALL Trial limited enrollment to
patients at high risk for intraoperative awareness. Patients
with BIS-guided general anesthesia experienced a small
but statistically significant higher incidence of intraoperative awareness than patients receiving general anesthesia
guided by an end-tidal anesthetic criterion.41
Unlike the BIS, PI, Entropy, and Narcotrend, which
provide EEG-based measures of brain activity, the endtidal anesthetic concentration is related to brain activity
through the concentration of inhaled anesthetic expired
in the lungs. This assumes that the lung anesthetic concentration is in equilibrium with the brain concentration.
Moreover, this assumes that, except for age adjustment,
the same brain concentration in every patient, regardless of
brain health or physiological state, defines the same anesthetic state. The end-tidal anesthetic concentration is thus
an indirect and less nuanced measure of anesthetic state,
given that the relevant effects of the anesthetics for inducing unconsciousness are in the brain and not in the lungs.
That an EEG-based criterion and a lung-gas criterion are
comparable for monitoring the level of consciousness under
general anesthesia suggests more of a flaw in the design of
the EEG-based marker, rather than the accuracy of the endtidal anesthetic concentration. Because it is a more indirect
measure of anesthetic state, the success of the end-tidal
anesthetic concentration in preventing awareness comes
likely at the expense of overdosing some patients. A key
drawback of the end-tidal anesthetic concentration is that
it cannot be used with total intravenous anesthesia.!
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OTHER STRATEGIES FOR MONITORING LEVEL
OF CONSCIOUSNESS
Other strategies for monitoring level of consciousness during general anesthesia and sedation have been studied. For
example, the Cerebral State Monitor,68 the SNAP Index,69
and the AEP Index70 are other EEG-based approaches that
have been studied and applied in clinical practice.!

Emergence From General
Anesthesia
ELECTROENCEPHALOGRAM-BASED INDICES
AND RETURN OF CONSCIOUSNESS
As stated earlier, the EEG-based indices typically specify a
range for maintenance of anesthetic state (see Figs. 40.3
to 40.5, and Table 40.1). When delivery of the anesthetic
drugs is decreased or terminated, the indices increase
toward values that are consistent with the awake state. As
the values of the indices increase, the patient is more likely
to become conscious. In this way, the EEG-based indices can
be used to monitor changes in anesthetic state during emergence from general anesthesia. Although the values of the
indices increase during emergence, none of the indices has
a value at which the patient is certain to regain consciousness. The lack of any mechanistic relationship between the
values of the EEG-based index and level of consciousness is
due to imprecision in the definition of the indices, in that
many different anesthetic states are presumed to map to
the same index value. Friedman and colleagues and Joiner
and colleagues found that neural inertia can play a role
with inhaled anesthetics.71,72 Neural inertia is the extent to
which equal brain concentrations of anesthetic on induction and emergence often yield different behavioral states.
In other words, the history of the brain states helps determine arousability.!

PHYSIOLOGIC SIGNS AND RETURN OF
CONSCIOUSNESS
The state of the patient during emergence from general anesthesia can be tracked reliably by monitoring the
patient’s physiologic signs and performing neurologic
examinations.1 Many of these physiologic changes relate
to the return of brainstem function (Box 40.1). Therefore,
by relating the physiologic signs and the findings from the
neurologic examinations to the brainstem centers responsible for them, anesthesia providers can track the return of
function to specific brainstem sites during emergence from
general anesthesia. Once neuromuscular blockade has been
reversed, the patient may breathe unassisted. As the level of
carbon dioxide in the cerebral circulation increases, most
patients begin to breathe spontaneously. As the patient
emerges from general anesthesia, the respiratory pattern
can transition from one that is irregular with small tidal
volumes to one that is regular with full normal tidal volumes.1 Return of spontaneous breathing is a distinct indicator of return of function in the medulla and lower pons, as
these are the locations of the dorsal and ventral respiratory
groups, respectively.6

Over the ensuing several minutes and often concomitant
with the return of spontaneous respiration, a series of other
clinical signs begin to appear (see Box 40.1). These signs
include swallowing, gagging, salivation, tearing, and grimacing.1 The signs each represent return of a specific center
in the brainstem and the associated sensory and motor pathways. Swallowing, gagging, and coughing represent return
of the motor nuclei of the cranial nerves IX and X located in
the medulla and the sensory afferent of these nerves arising
from the trachea, larynx, and pharynx.10 These physiologic
signs appear because with the progressive decrease in the
hypnotic and antinociceptive effects of the anesthetics,
the endotracheal tube becomes a progressively more noxious stimulus. Salivation reflects the return of the inferior
salivatory nucleus in the medulla and superior salivatory
nucleus in the pons. Both are part of the parasympathetic
nervous system. The efferent pathways from these nuclei
travel in cranial nerves VII and IX, respectively.9 Tearing
also reflects the return of function in the superior salivatory
nucleus. Grimacing, the use of muscles of facial expression,
represents the return of function to the motor nucleus of
cranial nerve VII, located in the pons.10 Return of muscle
tone to the upper and lower extremities is another important clinical sign that clearly reflects return of function in a
number of circuits including the spinal cord, the reticulospinal tract, the basal ganglia, and the primary motor tracts.1
In addition, as the endotracheal tube is perceived as more
noxious and motor tone has returned, the patient may commonly exhibit defensive posturing indicated by reaching for
the endotracheal tube.
These physiologic signs are often present in advance
of the patient responding to any verbal commands. The
patient need not respond to commands to be extubated.
Tracheal extubation only requires that the patient have
sufficient return of airway reflexes and motor function to
ventilate and oxygenate adequately with spontaneous
breathing. To meet the criteria for extubation of the trachea, a patient can be in a vegetative state as defined by the
criteria used by neurologists and rehabilitation specialists
to assess the brain states of patients recovering from coma
(see Box 40.1).13,14,73
The corneal reflex typically returns before the oculocephalic reflex.1 Return of the corneal reflex indicates return
of function in the sensory nucleus of cranial nerve V and the
motor nucleus of cranial nerve VII.4 The afferent pathway in
the corneal reflex is the ophthalmic branch of cranial nerve
V that projects to the trigeminal (cranial nerve V) nucleus,
whereas the efferent pathway arises from the facial nerve
(cranial nerve VII) nucleus. The consensual response in the
corneal reflex indicates bilateral return of the sensory and
motor components of this pathway. The trigeminal nucleus
and the motor nucleus of cranial nerve VII lie in the pons.
Return of the oculocephalic reflex indicates return of activity in the oculomotor (III), trochlear (IV), and abducens
(VI) cranial nerves, which control movement of the eyes.4
The cranial nerves III and IV nerve nuclei are located in the
midbrain, whereas the cranial nerve VI nerve nucleus is in
the pons. Return of the oculocephalic and corneal reflexes
provides indirect evidence that the nearby arousal centers
in the pons, midbrain, hypothalamus, and basal forebrain,
may have also recovered function.1 The oculocephalic
reflex may not return even though the patient is extubated.
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BOX 40.1 Phases of Emergence From General Anesthesia and States of Coma Recovery
General Anesthesia
Stable administration of anesthetic drugs
Arousal not possible, unresponsive; eyes closed, with
reactive pupils
Analgesia, akinesia
Drug-controlled blood pressure and heart rate
Mechanically controlled ventilation
EEG patterns ranging from delta and alpha activity to
burst suppression

Brain-Stem Death
No respiratory response to apneic oxygenation test
Total loss of brain-stem reflexes
Isoelectric EEG pattern
Coma
Structural brain damage to both cerebral hemispheres, with or without injuries
to tegmental midbrain, rostral pons, or both
Isolated bilateral injuries to midline tegmental midbrain, rostral pons, or both
Arousal not possible, unresponsive
Functionally intact brain stem, normal arterial blood gases
EEG pattern of low-amplitude delta activity and intermittent bursts of theta and
alpha activity or possibly burst suppression

Emergence, Phase 1
Cessation of anesthetic drugs
Reversal of peripheral-muscle relaxation (akinesis)
Transition from apnea to irregular breathing to regular
breathing
Increased alpha and beta activity on EEG

Vegetative State
Spontaneous cycling of eye opening and closing
Grimacing and nonpurposeful movements
EEG pattern of high-amplitude delta and theta activity
Absence of EEG features of sleep
Usually able to ventilate without mechanical support

Emergence, Phase 2
Increased heart rate and blood pressure
Return of autonomic responsiveness
Responsiveness to painful stimulation
Salivation (CN VII and IX nuclei)
Tearing (CN VII nuclei)
Grimacing (CN V and VII nuclei)
Swallowing, gagging, coughing (CN IX and X nuclei)
Return of muscle tone (spinal cord, reticulospinal tract,
basal ganglia, and primary motor tracts)
Defensive posturing
Further increase in alpha and beta activity on EEG
Extubation possible
Emergence, Phase 3
Eye opening
Responses to some oral commands
Awake patterns on EEG
Extubation possible

Minimally Conscious State
Purposeful guarding movements, eye tracking
Inconsistent communication, verbalizations
Following oral commands
Return of sleep–wake cycles
Recovery of some EEG features of normal sleep–wake architecture

General anesthesia is a drug-induced, reversible coma. The physiological signs observed in the phases of emergence from general anesthesia can be
related to changes in activity in specific brainstem nuclei. Emergence from general anesthesia has similarities and differences with recovery from
coma due to a brain injury.
CN, Cranial nerve; EEG, electroencephalogram.
From Brown EN, Lydic R, Schiff ND. General anesthesia, sleep, and coma. N Engl J Med. 2010;363:2638–2650.

Patients commonly leave the operating room without
return of this reflex, suggesting persistent sedation of the
brainstem arousal centers. The pupils can remain pinpoint
if the patient has received a substantial dose of an opioid.
The pupillary light reflex can remain intact even when the
patient is profoundly unconscious under general anesthesia4; therefore, the presence of the pupillary light reflex
might not indicate a change in the level of consciousness
while under general anesthesia.
Responding correctly to verbal commands, a criterion
that is commonly used to assess the extent to which a
patient has recovered from general anesthesia, and hence
the patient’s readiness for extubation, suggests a return of
integrated function between the brainstem, the thalamus
and cortex, and among cortical regions.1,74,75 Responding
correctly to verbal commands means that the patient is correctly interpreting auditory information and that the cranial nerve VIII nuclei located in the pons and the auditory

pathways from the pons to the cortex and the relevant
effector pathways have regained substantial function. If the
patient inconsistently follows motor commands, then he or
she is classified as being in a minimally conscious state by
the criteria neurologists use in examining patients recovering from coma (see Box 40.1).13,14,73 With emergence, the
physiologic signs and neurologic findings can be related to
changes in activity in specific brainstem centers. Although
the EEG shows the resumption of high-frequency activity
consistent with the return of cognitive processing, normal
brainstem-cortical, brainstem-thalamic, thalamocortical,
and intracortical communication must clearly return for
full return of consciousness.44,75-78 Current clinical monitoring approaches do not allow us to monitor these changes
adequately.
Opening of the eyes is typically one of the last physiologic
signs observed in patients emerging from general anesthesia. In particular, patients may respond reliably to verbal

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.

1288

SECTION III • Anesthesia Management

commands, have substantial return of motor functions,
yet not necessarily open their eyes.1 In general, patients
tend to keep their eyes closed even when consciousness has
returned. In contrast, during coma recovery, patients can
have their eyes open in a vegetative state (see Box 40.1).!

Emerging Strategies for
Monitoring the Brain States of
General Anesthesia and Sedation
In the last several years, there has been strong growth in
research on the neuroscience of general anesthesia. As a
result, there are several reports of new approaches to monitoring the brain states under general anesthesia.

UNPROCESSED ELECTROENCEPHALOGRAM
AND THE SPECTROGRAM
Different anesthetics have different receptor targets79 and
neural circuit mechanisms of action.1,43 These differences
in targets and neural circuits translate into different patterns of activity in the brain that are readily visible in the
unprocessed EEG or its spectrogram.26 The spectrum of a
segment of EEG is the decomposition of the EEG signal into its
power content by frequency.26 Power is typically expressed
in decibels which is 10 times the base 10 logarithm of the
square of the amplitude of a given frequency component.26
When the spectrum is computed on successive nonoverlapping or overlapping segments of EEG data, it is termed the
spectrogram26; it is called the compressed spectral array when
the spectrogram is plotted in three dimensions80 and the
density spectral array when it is plotted in two dimensions.81
The EEG patterns of propofol have been related to its neural circuit mechanisms. The brain states under propofol are
readily visible in the unprocessed EEG and the spectrogram
(see Figs. 40.2, 40.6 and 40.7, A). Propofol acts primarily
at GABAA receptors throughout the brain and spinal cord
to enhance inhibition in neural circuits.79,82 When patients
are unconscious from propofol, the EEG shows a characteristic alpha (8-12 Hz) oscillation pattern along with slow
(0.1-1 Hz) and delta (1-4 Hz) oscillation patterns (see Fig.
40.7 A).44,49,83,84 Another phenomenon that is observed
in patients who are unconscious from propofol and several
other anesthetics is anteriorization—the increase in power
in the alpha and beta frequency ranges during unconsciousness across the front of the scalp relative to other areas of
the scalp (see Fig. 40.6, C and D).44,47,49
During unconsciousness, the alpha oscillations are highly
coherent across the front of the scalp, whereas the slow and
gamma oscillations are not coherent.44,49,84 Highly coherent alpha oscillations have also been identified in animal
studies of inhaled anesthetics during unconsciousness.85
The coherent structure in the alpha oscillations is most
likely due to strong alpha oscillations between the thalamus and frontal cortex.86 The slow oscillations are a marker
of fragmented intracortical communication because in the
presence of the slow oscillations, cortical neurons spike only
in a limited phase dictated by their local slow oscillations.84
As the slow oscillations are spatially incoherent and spiking is phase limited, neuronal communication among brain

regions that are separated by more than 1 cm is greatly
impeded. There is a strong modulation of the alpha oscillation amplitude by the phase of the slow-delta oscillation44.
Patients are profoundly unconscious when the maximum
amplitude of the alpha oscillations occurs at the peak of the
slow oscillation waveform.44 In contrast, patients are likely
to be arousable when the maximum amplitude of the alpha
oscillations occurs at the trough of the slow oscillation
waveform.44 With return of consciousness, the alpha and
slow oscillations dissipate (see Fig. 40.6.B). A mechanism
by which propofol produces unconsciousness is through
hypersynchronous alpha oscillations impeding communication between the thalamus and prefrontal cortex and
through highly desynchronous slow oscillations impeding
intracortical communication.44,84,86,87
Similarly, the EEG patterns of ketamine (see Fig. 40.7,
B)27 and dexmedetomidine (Fig. 40.8, A andB)34 are distinctive and can be related to the mechanisms of actions of these
drugs in the brain and central nervous system.1,3,43 Ketamine acts principally by binding to N-methyl-D-aspartate
(NMDA) receptors.43,88 Thus, with small to moderate doses,
ketamine has its primary effect by blocking excitatory glutamatergic inputs to inhibitory interneurons.89,90 Impaired
control over pyramidal neurons is why increases in cerebral
metabolism, and the appearance of altered behavioral states
including hallucinations, dissociative states, euphoria, and
dysphoria, are common with low-dose ketamine. Brain
regions, such as the limbic system, cortex, and thalamus,
continue to communicate but with much less regulatory
control from the inhibitory interneurons—that is, information processing proceeds in the absence of proper coordination in time and space.1,43 Increasing the dose of ketamine
blocks the NMDA receptors on the excitatory glutamatergic
neurons, and eventual loss of consciousness, as when ketamine is used to induce anesthesia.91 The increased activity of pyramidal neurons throughout the brain is consistent
with the high frequency (20-30 Hz) oscillations that are
commonly observed in the EEG of patients receiving ketamine (see Fig. 40.7 B).27,92 This high-frequency EEG activity helps explain why EEG-based indices often give high
values in patients receiving ketamine.
Dexmedetomidine induces its sedative effects primarily by actions on presynaptic α2-adrenergic receptors on
neurons that project from the locus ceruleus.93-95 Binding
of dexmedetomidine results in a decrease in the release of
norepinephrine from these neurons.96-98 Loss of the norepinephrine-mediated inhibition to the preoptic area of
the hypothalamus leads to activation of the preoptic area’s
GABAergic and galanergic inhibitory inputs to most of
the principal arousal centers in the midbrain, pons, basal
forebrain, and hypothalamus.99 Activation of inhibitory
inputs from the preoptic area is postulated to be a component of how nonrapid eye movement (NREM) sleep is
initiated.100,101 This suggests why light sedation with
dexmedetomidine shows spindles, intermittent bursts of 9
to 15 Hz oscillations, and slow-wave patterns in the EEG
that closely resemble NREM sleep stage 2 (see Fig. 40.8, A).
Recent studies have demonstrated that deep sedation with
dexmedetomidine also shows the combined spindle and
slow-delta oscillation patterns seen with light dexmedetomidine sedation (see Fig. 40.8, A), along with an appreciable decrease in beta oscillation power.32,33,102 Deep
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D
Fig. 40.6 Behavioral and electroencephalogram dynamics of loss and recovery of consciousness from propofol. (A) Group-level (10 subjects)
click or nonsalient stimulus (blue, Pclicks) and verbal or salient stimulus (red, Pverbal) response-probability curves. (B) Group-level spectrograms computed
by baseline-normalization from a frontal channel (approximately Fz, using nearest-neighbor Laplacian reference) aligned across subject with respect
to loss of consciousness (LOC). Area enclosed within the white borders show where power is significantly different from baseline (P < .05, sign test) and
shows significant power increases spanning slow (0.1-1 Hz) through gamma (25-35 Hz) bands. (C) Time course of group-level power in slow, alpha (8-12
Hz), and gamma bands aligned with respect to LOC and recovery of consciousness (ROC). (D) Group-level spatial distribution of slow, alpha, and gamma
power during unconsciousness (LOC + 15 min). The frontal increase in alpha power is termed anteriorization. These analyses illustrate that changes in
broad-band gamma/beta power occur with the behavioral changes before LOC and after ROC, whereas changes in slow and alpha power occur with
LOC and ROC. (From Purdon PL, Pierce ET, Mukamel EA, et al. Electroencephalogram signatures of loss and recovery of consciousness from propofol. Proc Natl
Acad Sci U S A. 2013;110:E1142–E1151.)

sedation with dexmedetomidine can also show a slow-delta
oscillation EEG pattern that closely resembles the patterns
observed in NREM sleep stage 3 or slow-wave sleep (see Fig.
40.8 B).26
Sevoflurane, like the other inhaled ether anesthetics, produces its physiologic and behavioral effects by binding at
multiple targets in the brain and spinal cord. These include

binding to GABAA receptors and enhancing GABAergic
inhibition, and blocking glutamate release by binding to
NMDA receptors, along with activating two-pore potassium
channels and hyperpolarization-activated cyclic nucleotide-gated channels.79 Although debates still exist over
the relative importance of these targets, sevoflurane and
the other ether anesthetics have distinct EEG signatures.
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Fig. 40.7 Time-domain and spectral electroencephalogram (EEG) signatures of common anesthetics. The left column shows a 10-s time-domain
(unprocessed) segment of the EEG for each anesthetic. The right column shows several minutes of the spectrogram (density spectral array) computed
from the EEG for each anesthetic. (A) The EEG and spectrogram of propofol show its characteristic alpha (8-12 Hz) and slow-delta (0.1-4 Hz) oscillation
pattern. (B) The ketamine EEG and spectrogram show high frequency oscillations in the high beta (20-24 Hz) and low gamma (25-35 Hz) range.

At doses of sevoflurane appropriate for general anesthesia,
the EEG shows strong alpha and slow oscillations like propofol, in addition to a strong theta (4-8 Hz) oscillation (see
Fig. 40.8 C). The presence of the theta oscillations creates
a distinctive pattern of evenly distributed EEG power from
the slow oscillation through the alpha oscillation range.
The predominance of the alpha and slow oscillations in the
sevoflurane spectrogram and those of the other inhaled
ethers suggest that GABAA-mediated inhibition is a primary
mechanism of action of these anesthetics. This spectrogram pattern further suggests that a primary mechanism
through which the inhaled ethers produce unconsciousness is largely similar to that of propofol.44,84,86,87
Nitrous oxide has a highly distinctive EEG dynamic. A common practice in our institution, at the end of surgery, is to
switch from the inhaled ether, isoflurane, to nitrous oxide to
facilitate emergence from general anesthesia (Fig. 40.9 A).
When nitrous oxide is administered at high doses (greater
than 50%), it produces large slow-delta oscillations that last
from 3 to 12 minutes before converting to high-frequency
gamma oscillations (see Fig. 40.9 B).26,31,103,104 Why the
slow-delta oscillations are transient is unknown. Nitrous
oxide is known to act by blocking NMDA glutamate receptors.31,79,105,106 It is likely that the slow-delta oscillations
reflect a transient profound state of unconsciousness most
likely mediated through inactivation of key NMDA glutamate projections from the parabrachial nucleus and from the
median pontine reticular formation into the central thalamus
and basal forebrain.31,107
Although the unprocessed EEG recordings of the anesthetics can look similar, the spectrograms make clear that
each anesthetic has a distinct EEG signature. These signatures can be related to the mechanisms through which the
drugs act at specific receptors in specific neural circuits

to alter arousal. Using the spectrogram to monitor brain
function under general anesthesia and sedation is fundamentally different from using EEG-based indices that are
predicated on the assumption that different anesthetics
can create the same anesthetic state irrespective of mechanism. The differences in the spectral signatures between
propofol (see Fig. 40.7 A) and ketamine (see Fig. 40.7 B)
illustrate why the latter often gives a high index reading
when clinically the patient is clearly sedated. Similarly,
the predominance of the slow-wave oscillations observed
during deep dexmedetomidine (see Fig. 40.8, B) sedation
helps explain why this drug gives low index values consistent with profound unconsciousness yet the patient
remains arousable.!

CHANGES IN ELECTROENCEPHALOGRAM
SIGNATURES WITH AGING
In addition to changing systematically with anesthetic class,
the EEG signatures of patients under general anesthesia
change systematically with age. Fig. 40.10 shows the spectrogram of patients of different ages anesthetized with propofol. There are three principal changes in the EEG signatures
of propofol with age. First, the EEG of children between 0 to
3 months of age, anesthetized with propofol or another GABAergic drug such as sevoflurane as the primary hypnotic,
show only slow-delta oscillations (see Fig. 40.10, A and B ).108
Slow-delta and alpha oscillations do not appear together
until children are at least 4 months of age or older (see Fig.
40.10 C).108 The alpha oscillations become coherent and
show anteriorization specifically at the alpha frequency, at
approximately 1 year of age.37,38,108,109 Coherence means
the oscillations are highly synchronized, whereas anteriorization means that the oscillations are predominant in the
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Fig. 40.8 Time-domain and spectral electroencephalogram (EEG) signatures of common anesthetics. The left column shows a 10-second time
domain (unprocessed) segment of the EEG for each anesthetic. The right column shows several minutes of the spectrogram (density spectral array)
computed from the EEG for each anesthetic. (A) The dexmedetomidine EEG and spectrogram for light sedation shows spindle (9-15 Hz) oscillations,
and the slow (0.1-1 Hz) oscillations, and delta (1-4 Hz) oscillations similar to the EEG patterns observed in nonrapid eye movement (NREM) sleep stage
2. The spindle is apparent in the unprocessed EEG trace (red underscore). The spindles are intermittent and have less intensity than the alpha oscillations observed with propofol. (B) The EEG and spectrogram for deep dexmedetomidine sedation can be associated with an absence of spindles and a
predominance of slow and delta waves similar to the slow waves seen in NREM sleep stage 3, termed slow-wave sleep. (C) The sevoflurane spectrogram
is similar to propofol with the addition of oscillatory activity in the theta band from 4 to 8 Hz.

frontal EEG leads and completely absent in the occipital leads.
The mechanisms underlying these age-dependent changes
are unclear, but they almost certainly reflect development of
underlying brain circuits in children.37,38,110 According to
computational modeling studies propofol can generate alpha
oscillations as a result of increasing inhibition in cortical networks.111 When thalamocortical components are added to
this model, the alpha oscillations become highly coherent.86
Hence, the development of propofol- and sevoflurane-induced
alpha oscillations in the first 6 months of life could reflect
developing inhibition, particularly within cortical circuits.110
The later development of coherent alpha oscillations could
reflect developing thalamocortical connections that facilitate coherent alpha oscillations.86,112 Although not shown
in the figures presented here, the total power in the spectrogram increases with age from 0 months to a maximum at

approximately 6 to 8 years and then declines from there with
each year of age.37,38
Second, the alpha band is characteristic of young adults
(approximately 18-35 years of age) and ranges from 8 to
15 Hz for this group (see Fig. 40.10 F). The corresponding
band for ages below 18 years falls generally over a broader
frequency range, 10 to 20 Hz (see Fig. 40.10, D andE), and
has higher power relative to the alpha band of the young
adults (see Fig. 40.10 F). The corresponding band for ages
greater than 35 years falls generally over a narrower
frequency range, 6 to 10 Hz (see Fig. 40.10 G), and has
less power relative to the alpha band of the young adults
(see Fig. 40.10 F). Third, the alpha oscillations in adults
55 years or older may be diminished and in the lower
frequency range from 6 to 10 Hz or nearly absent (see
Fig. 40.10, G-I).

Downloaded for alex arman davidson (arman@amazingstudy.tk) at Florida International University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.

2%

10

1%

5

30

0

N2O (L/min)

SECTION III • Anesthesia Management

Isoflurance
(inspired %)

1292

20

0
-10

10

Power (dB)

Frequency (Hertz)

10

-20
0
80

A

82

84

86
88
Time (minutes)
Slow oscillation

90

92

94

Beta/gamma oscillation

minute 86.7

B

50 µV

minute 90.8

1s
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oscillation power substantially increased beginning at minute 86. By minute 90 the slow-delta oscillation power has noticeably decreased, and betagamma oscillations begin to appear. (B) Electroencephalogram traces of the slow-delta oscillations recorded at minute 86.7 and the beta-gamma oscillations recorded at minute 90.8. Each trace is 10 s.

The changes in the slow-delta oscillations follow similar changes to the alpha oscillations band in that the
band is broad with high power at younger ages (see Fig.
40.10, C-E) and becomes narrower with lower power
with aging (see Fig. 40.10, F-I). Indeed, the alpha
and slow-delta oscillations of the 56-year old patient
and of the 81-year old patient are barely perceptible
(see Fig. 40.10).
Fig. 40.10, F-G show that there can be significant
between-person variation in power for patients of approximately the same age. The 57-year-old patient (see Fig.
40.10 G) has alpha and slow-delta oscillations that resemble the pattern seen in the 30-year-old patient (see Fig.
40.10 F), whereas the alpha and slow-delta oscillations of
the 56-year-old patient (see Fig. 40.10 H) resemble those
of the 81-year-old patient (see Fig. 40.10 I). We conjecture
that these differences in oscillatory dynamics induced by
propofol reflect between - individual variation in normal
brain aging.113 The age-related EEG changes of sevoflurane,
and presumably those associated with isoflurane and desflurane, are similar to those of propofol, given that all of these
agents have primary GABAergic mechanisms of action.!

IMPLICATIONS FOR MONITORING
ANESTHETIC STATE
These observations suggest that the unprocessed EEG and
the spectrogram can be used to monitor the brain states
of patients receiving anesthesia care (see Figs. 40.6 to
40.10). The unprocessed EEG waveform has been advocated as a tool for monitoring “depth of anesthesia” since
1937.16,17,26,114,115 Although the spectrogram is easy
to compute in real time and has been reported in studies
of anesthetics,80,81,116 a strategy to use it in conjunction
with the unprocessed EEG and the EEG-based indices for
management of patients receiving anesthesia care is now
being developed. Many of the current EEG brain function
monitors display both the unprocessed EEG and the spectrogram.22,54,117 Training anesthesia providers to track
brain states under general anesthesia and sedation by reading the unprocessed EEG and the spectrogram is a program
being pursued currently in the Department of Anesthesia,
Critical Care and Pain Medicine, of Massachusetts General
Hospital in collaboration with the International Anesthesia Research Society (www.eegforanesthesia.iars.org).
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Fig. 40.10 Spectral electroencephalogram signatures of propofol as a function of age. Each panel is a 10-minute segment recorded from a patient
receiving a propofol infusion as the primary anesthetic to maintain unconsciousness. The spectral power in all of the panels are plotted on the same
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Another EEG education resource has been developed at
Washington University (icetap.org). Highly structured
oscillations are the sine qua non of anesthetic states. Therefore, use of the spectrogram to track level of consciousness
under general anesthesia and sedation facilitates direct
integration of clinical and research observations from EEG
recordings with experimental studies and biophysicallybased modeling studies that help define the neural circuit
mechanisms of anesthetic actions.86,111,118,119!

NORMALIZED SYMBOLIC TRANSFER ENTROPY
A growing body of information suggests that a key marker
or mechanism of unconsciousness under general anesthesia is loss of intracortical connectivity.74,75,84,91,120,121 The
loss of functional connectivity between the frontal and
parietal areas is associated with unconsciousness.91,120 By
using the EEG recorded from a montage that includes both
frontal and parietal electrodes, a mutual information technique termed normalized symbolic transfer entropy (NSTE)
can be used to measure this loss of functional connectivity (Fig. 40.11). When NSTE is used to assess functional

connectivity from the parietal area to the frontal cortical
area, it is termed feedforward functional connectivity, whereas
when it is used to assess functional connectivity from the
frontal area to the parietal area, it is termed feedback functional connectivity.
Unconsciousness induced by propofol, sevoflurane, or
ketamine has been associated with loss of feedback functional connectivity (see Fig. 40.11).91,120 As a consequence,
measuring NSTE to assess functional connectivity could
provide a means of monitoring the level of consciousness
in patients receiving general anesthesia. The loss of feedback functional connectivity is present for unconsciousness
induced by all three anesthetics, suggesting that NSTE does
not distinguish among the mechanisms of actions of these
anesthetics.120 Nevertheless, NSTE could still offer a way to
track levels of unconsciousness.
A partial answer regarding the mechanism of loss of
the feedback functional connectivity for unconsciousness
induced by propofol and the inhaled ether anesthetics may
be related to anteriorization (see Fig. 40.6, D). The model by
Vijayan and colleagues119 shows that anteriorization can
be explained by the differences in the electrophysiologic
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Fig. 40.11 Normalized symbolic transfer entropy. An analysis of loss of consciousness induced by ketamine, propofol, and sevoflurane using normalized symbolic transfer entropy. Asymmetry in the change of feedforward (FF) and feedback (FB) connectivity is common to all three anesthetics. The
FF (blue)/FB (red) connections (A–C) and their associated asymmetry (D–F) in the frontal–parietal network displayed for (A and D) ketamine, (B and E)
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communication by ketamine, propofol, and sevoflurane. Anesthesiology 2013;118:1264–1275.)

properties, such as the resting membrane potentials and
ionic currents, in the frontal thalamocortical connections
compared with the posterior thalamocortical connections.
If the parietal circuits resemble their nearby occipital counterparts neurophysiologically, then the neurophysiologic
dynamics that lead to anteriorization could also contribute
to loss of feedback functional connectivity. Studies of functional connectivity changes during loss of consciousness
due to general anesthesia using the Vijayan model may

shed mechanistic light on the differences between changes
in feedback connectivity and feedforward connectivity.
At present, the use of NSTE in the operating room is not
tractable because it is not possible to compute these mutual
information measures in real time.91 Moreover, the use of
NSTE in its current form requires an EEG montage with
both frontal and parietal electrodes, unlike the montages
used with most current brain function monitors, which
require only frontal electrodes.!
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CLOSED-LOOP ANESTHETIC DELIVERY SYSTEMS
Closed-loop anesthetic delivery (CLAD) systems for maintenance of general anesthesia and sedation have been proposed
since the early 1950s. These studies have been summarized.122,123 The CLAD systems work by using an EEG marker
of anesthetic state to define a desired state for maintenance
during surgery. The EEG is monitored, the marker is computed
from the EEG, and a computer-controlled infusion delivering
the anesthetic drug is automatically changed based on the difference between the targeted level of the EEG marker and the
actual level of the marker computed from the EEG analysis.
Although numerous EEG markers have been used to guide
delivery of anesthetics in CLAD systems, the most widely used
marker is the BIS index.25,124 Use of the BIS requires a 20- to
30-second delay in computing updates.24 Use of a CLAD system leads to maintenance of the desired anesthetic state while
delivering significantly less anesthetic drug.25,125-127 Although
most CLAD systems have focused on maintenance of unconsciousness, a recently developed control system has studied
maintenance of unconsciousness and antinociception.128,129
Recent simulation studies using rodent and human models, as well as recent experimental studies in rodents, have
shown that highly reliable and accurate CLAD systems can
be devised to maintain medical coma by using burst suppression (see Fig. 40.2 F) as the control variable.122,123 A CLAD
system developed by Shanechi and colleagues130 uses a stochastic control framework and, as the control variable, the
burst suppression probability, which is the instantaneous
probability that the brain is suppressed (Fig. 40.12).110 The
burst suppression probability is a more reliable way to track
burst suppression than the suppression ratio. The CLAD system precisely tracked the target level of burst suppression. If
these results are successfully reproduced in human studies,
the CLAD system could offer an automatic and highly efficient way to maintain medical coma in the many patients
who require this therapy for multiple days to treat intractable
status epilepticus or intracranial hypertension.
Several clinical studies have recently demonstrated the
feasibility of CLAD systems as a means of controlling level
of unconsciousness alone, level of unconsciousness and
antinociception, and level of unconsciousness and volume
status.131-133 All of these studies have been conducted outside of the United States, as the FDA has not approved any
CLAD system for administering general anesthesia. Many
new findings and approaches will probably be reported in
the near future because the study of CLAD systems is an
active area of research by many investigators.!

MONITORING ANTINOCICEPTION
The discussion of monitoring brain states under general
anesthesia and sedation has focused largely on monitoring level of unconsciousness. Monitoring antinociception is
an important, growing area of investigation. In the introduction, we modified the definition of general anesthesia
given previously by Brown and colleagues1 by substituting
antinociception for analgesia.3 We did so to make a precise
distinction between the concept of nociception, which is
transmission of potentially harmful and noxious stimuli
through the sensory system, and pain, which is conscious
processing of nociceptive information. When a patient

is unconscious under general anesthesia, the anesthesia
care provider is managing nociception, whereas when the
patient is awake at the end of surgery, the care provider
is managing pain. Antinociception is therefore the extent
to which anesthetic and analgesic agents impede the flow
of information regarding harmful and noxious stimuli
through the nervous system.
At present, movement and the physiological responses
of changes in heart rate, blood pressure, and perhaps respiratory rate, are the most commonly used markers of nociception. The changes in these physiological markers are a
consequence of the NMA circuit responses to nociceptive
information transmission in the central nervous system
(see Fig. 40.1). Investigations are using multiple physiologic parameters including heart rate, heart rate variability (0.15-0.4 Hz band power), plethysmograph wave
amplitude, skin conductance, skin conductance fluctuations, and the derivatives of these signals to track antinociception.134,135 In addition, nociception can be tracked by
using infrared pupillometry to record pupillary activity.136
Commercial monitors that track level of antinociception
by monitoring physiologic variables are now commercially
available.137-140 A recent report suggests that monitoring simultaneously unconsciousness and antinociception
together allows the implementation of more principled
multimodal strategies for choosing and administering anesthetic combinations.3 This new strategy offers the potential
to achieve better nociceptive control intraoperatively and
pain control postoperatively, and to reduce the likelihood of
postoperative cognitive dysfunction and opioid overuse.
Complete references available online at expertconsult.com.
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