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In the 21st century, surgeons are attempting progressively more complex procedures involving the substance,
supporting structures, and blood supply of the central and peripheral nervous systems. Direct, timely feedback
about the effects of surgery on nervous system function and the adequacy of its blood supply can be extremely
valuable to the surgeon. The best monitor of neurologic function remains the awake patient. In the awake
patient, function of individual parts of the nervous system and the complex, often poorly understood
interactions of different portions of the nervous system can be readily assessed. However, most surgical
procedures involving the nervous system or its blood supply require general anesthesia. Current technology
limits us to assessments of adequacy of blood flow to portions of the nervous system and the electrical function
of groups of neurons and nervous system pathways that are not excessively depressed by the presence of
anesthetic drugs.

This chapter focuses on monitoring nervous system electrical function and the adequacy of its blood supply
using instruments also commonly used in the diagnostic laboratory. Types of operations in which neurologic
monitoring has been used effectively are reviewed, and some of the changes that occur acutely in the operating
room are described. Howe these signals are altered by commonly used anesthetics is reviewed in detail, and
evidence for the utility and efficacy of neurologic monitoring is examined.

MONITORING MODALITIES

Multiple types of neurologic monitoring are used in the operating room (Table 38-1). To better understand the
uses and limitations of each monitoring technique, neurologic monitors can be divided into monitors of
electrical function and monitors of blood flow. Monitors of electrical function also indirectly monitor blood
flow, because electrical function fails after a critical reduction in blood flow but before the onset of permanent
cellular damage. Monitors of blood flow do not necessarily monitor electrical function, however, and only
limited inferences about electroencephalograms (EEGs) and sensory evoked potentials (SEPs) can be made
from measurements of blood flow. For example, surgically induced structural damage to the nervous system
may not produce any change in blood flow or oxygen delivery to tissues, but function may permanently fail.

Table 38-1 -- The spectrum of neurologic monitoring

'Monitor [ Blood Flow Electrical Function Anesthetic Effect
rEIectroencephangram X (@) X X
| Sensory evoked potentials X (1) X X
| Electromyogl:;_m a NU X NU
rMotor evoked potentials X (i) X NU
'Transcranial Doppler ultrasound X NU NU
r.lugular venous oxygen saturation X NU NU
Cerebral oximetry X NU NU

(i), indirect measurement only; NU, not useful; X, used for neurclogic monitoring.

The most commonly used monitoring modalities are the EEG, sensory evoked responses (SERs), and the
electromyogram (EMG). The EEG is a surface recording of the summation of excitatory and inhibitory



postsynaptic potentials spontaneously generated by the pyramidal cells in the cerebral cortex. The signals are
very small, and each electrode records only information generated directly beneath the electrode. Monitoring
with the EEG is usually directed toward three perioperative uses. First, the EEG is used to help identify
inadequate blood flow to the cerebral cortex caused by a surgical or anesthetic-induced reduction in blood flow
or by retraction on cerebral tissue. Second, the EEG may be used to guide reduction of cerebral metabolism in
anticipation of a loss of cerebral blood flow (CBF) or when a reduction in CBF and blood volume is desired in
the patient with high intracranial pressure. Third, the EEG may be used to predict neurologic outcome after a
brain insult,

More than one-half century of experience in monitoring with the EEG has led to many known correlations of
electroencephalographic patterns with normal and pathologic clinical states of the cerebral cortex. The
electroencephalographer can accurately identify consciousness, unconsciousness, seizure activity, stages of
sleep, and coma. In the absence of changes in drug level, the electroencephalographer can also accurately
identify inadequate oxygen delivery to the brain {from hypoxemia or ischemia). In the past decade, using high-
speed, computerized analysis and statistical methods, the electroencephalographic patterns in the continuum
from awake to deeply anesthetized are becoming, with few exceptions, much better understood. Although still
far from perfect, correlations between electrqencefhalographic or evoked potential patterns and depth of
hypnotic state have significantly improved, " =I=I518! 54 the likelihood of consciousness or amnesia can be
assessed with most anesthetic techniques. These computer advances have made possible high-speed mathematic
manipulation of the electroencephalographic signal to present the data in a manner more suitable to continuous,
trended monitoring for surgical purposes.

Monitoring of the EEG in the operating room for surgical purposes requires significant training and experience.
In contrast, electroencephalographic monitoring directed at assessing the depth of hypnosis can be readily
mastered by most practicing clinicians in a short period.

Evoked potentials are electrical activity generated in response to a sensory or motor stimulus. Measurements of
evoked responses may be made at multiple points along an involved nervous system pathway. The evoked
responses are generally smaller than other electrical activity generated in nearby tissue (i.e., muscle or brain)
and are readily obscured by these other biologic signals. Repeated sampling and sophisticated electronic
summation and averaging techniques are needed to extract the desired evoked potential signal from background
biologic signals.

SERs are by far the most common type of evoked potentials monitored intraoperatively. During the past 2
decades, much research has been carried out regarding the use of intraoperative motor evoked potentials
(MEPs); however, routine use of MEP monitoring is not widespread. There are three basic types of SERs:
somatosensory (SSEP), auditory (BAEP), and visual (VEP) potentials. The SSEP is produced by electrically
stimulating a peripheral or cranial nerve. In the case of peripheral nerve stimulation, responses may be recorded
proximally over the stimulated peripheral nerve, the spinal cord, and the cerebral cortex with assessment of the
function of the peripheral nerve, the posterior and lateral aspects of the spinal cord, a small portion of the
brainstem, the ventral posterolateral nucleus of the thalamus, the thalamocortical radiation, and a portion of the
sensory cortex. The BAEP is usually produced by a series of rapid, loud clicks applied directly to the external
auditory canal. Responses are most commonly recorded from scalp-applied electrodes, although more invasive
direct recordings from auditory structures and nerves may be made. BAEPs assess function of the auditory
apparatus itself, cranial nerve VIII, the cochlear nucleus, and a relatively small area of the rostral brainstem, the
inferior colliculus, and the auditory cortex. After significant clinical research, cortically generated auditory



responses (i.¢., middle latency auditory responses) are being used to determine the depth of anesthetic induced
hypnosis, similar to the bispectral index (BIS) monitor. The VEP is produced by flash stimulation of the retina.
Recordings are made from cortically placed electrodes and assess visual pathways from the optic nerve to the
occipital cortex.

THE STANDARD ELECTROENCEPHALOGRAM

SIGNAL

The EEG is produced by a summation of excitatory and inhibitory postsynaptic potentials produced in cortical
gray matter. Because the electroencephalographic signal is generated only by postsynaptic potentials and is
much smaller than action potentials recorded over nerves or from the heart, extreme care must be taken when
placing electrodes. The recording electrode impedances should be less than 5 kQ and matched to each other to
permit clear electroencephalographic signals, which may range from 5 to 500 mV. As electrode impedance
increases above that value or becomes mismatched, significant signal loss occurs, and background electrical
"noise" begins to obscure the electroencephalographic signal. Electrode impedance is kept low by using gold
cup electrodes with silver-silver chloride electrolyte gel placed between the scalp and the electrode. The
electrode is held tightly to the scalp with collodion, a biologic glue. Alternatively, subdermal needle electrodes
may be used, particularly when sterile application of an electrode close to a surgical field is necessary. When
electrodes are applied directly to the surface of the brain, impedance is minimized by close electrode contact
and saturation of the area with an electrolyte solution.

Electroencephalographic electrodes usually are placed according to a mapping system that relates surface head
anatomy to underlying brain cortical regions. The placement pattern of recording electrodes is called a montage.
Use of a standard recording montage permits anatomic localization of signals produced by the brain and allows
development of normative electroencephalographic patterns and comparison of recordings made at different
times. The standard electroencephalographic map is called the International 10-20 System for
electroencephalographic electrode placement (Fig. 38-1). This system is a symmetric array of scalp electrodes
placed systematically based on the distance from the nasion to the inion and from the pretragal bony
indentations associated with both temporomandibular joints. Based on 10% or 20% of these distances, recording
electrodes are placed systematically over the frontal (F), parietal (P), temporal (T), and occipital (O) regions at
increasing distances from the midline. Left-sided electrodes are assigned odd numbers, and right-sided
electrodes are assigned even numbers. Increasing numbers indicate an increasing distance from the midline.
Midline electrodes are designated with a lower-case z. Recording electrodes may be referenced to other cephalic
electrodes (i.e., bipolar recordings) or to electrodes placed away from cortical areas (i.e., referential recordings).
The standard diagnostic EEG uses at least 16 channels of information,.Z but intraoperative recordings have been
reported using 1 to 32 discrete channels.



Figure 38-1 International 10-20 system of electrode
placement for recording electroencephalograms and sensory
evoked responses.

(From Hughes JR: EEG in Clinical Practice, 2nd ed
Newton, ME, Butterworth-Heinemann, 1994.)

The intraoperative EEG is most commonly
recorded from electrodes placed on the scalp.
Recordings may also be made from electrodes
placed on the surface of the brain (i.e.,
electrocorticography) or from microelectrodes
placed transcortically to record from individual
neurons (e.g., during surgery for Parkinson's
disease)." I The electroencephalographic signal
is described using three basic parameters:
amplitude, frequency, and time. Amplitude is the
size, or voltage of the recorded signal and ranges
commonly from 5 pV to 500 mV (compared with
| to 2 mV for the electrocardiographic signal). As
neurons are irreversibly lost during the normal
aging process, electroencephalographic amplitude

PO pacictal Fz o tionial sfiidling decreases with age. Frequency can be thought of
01,2 = oceipital Cz = central vertex . .

F7,8 = anterior Pz = parictal midline as the number of times per second the signal
::"OP,:!’;':; - (mote: 2 = zero] oscillates or crosses the zero voltage line. Time is
from that> the duration of the sampling of the signal; this is
nfan:er;l or:sim but continuous and real time for the standard EEG
fromtal bone but is a sampling epoch (i.e., data over a given

period) for the processed EEG.
NORMAL ELECTROENCEPHALOGRAM

Normal patterns seen on the EEG vary somewhat among individuals but are consistent enough to allow for
accurate recognition of normal and pathologic patterns. The usual base frequency in the awake patient is the p
range (>13 Hz). This high-frequency and usually low-amplitude signal is common from the alert attentive brain
and may be recorded from all regions. With eye closure, higher amplitude signals in the a frequency range (8 to
13 Hz) appear and are seen best in the occipital region (Fig. 38-2). This eyes-closed resting pattern is the
baseline awake pattern used when anesthetic effects on the EEG are described. When events that lead the brain
to produce higher frequencies and larger amplitudes occur, the EEG is described as activated, and when slower
frequencies are produced (6 =4 to 7 Hz and 6 <4 Hz), the EEG is said to be depressed. The EEG for the
sleeping patient may contain all of these frequencies at various times. The slower frequencies occur during deep
natural sleep with sleep spindles (Fig. 38-3), but during light sleep or rapid eye movement (REM) sleep, the
EEG becomes activated, and the eye muscle EMG appears on the EEG.
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ABNORMAL ELECTROENCEPHALOGRAM

General characteristics of the abnormal EEG include asymmetry with respect to frequency or amplitude, or both,
recorded from corresponding electrodes on each hemisphere, and patterns of amplitude and frequency that are
not predictable or expected in the normal recording. These abnormal patterns reflect anatomic or metabolic
alterations in the underlying brain. Regional asymmetry can be seen with tumors, epilepsy, and cerebral
ischemia or infarction. Epilepsy may be recognized by high-voltage spike and slow waves, whereas cerebral
ischemia manifests with electroencephalographic slowing with preservation of voltage (mild or moderate} or
loss of voltage (severe). Factors affecting the entire brain may produce symmetric abnormalities of the signal.
Identifying pathologic abnormal patterns in the global electroencephalographic signal is very important,
although sometimes quite difficult, in the clinical situation. Many of the normal global pattern changes
produced by anesthetic drugs are similar to pathologic patterns produced by ischemia or hypoxemia. Control of
the anesthetic technique is important when the EEG is being used for clinical monitoring of the nervous system.

THE PROCESSED ELECTROENCEPHALOGRAM

Interpretation of the standard paper electroencephalographic tracing is a science and an art. All monitored
waveforms during the case are compared with baseline signals. The interpreter has learned from experience the
wide variety of normal changes that may occur in the perioperative period and promptly recognizes when
changes occur that are not normal or expected. The baseline recordings and the qualitative overall impression of
the record are important in interpreting the intraoperative EEG. Until recently, this qualitative approach was
used because the waveforms could not be described mathematically in a time frame that would make such
information of any practical use. Analog-to-digital conversion technology associated with mainframe computers
was used to convert the analog signal of the EEG to digital data and to mathematically manipulate the data. The
process was complex, expensive, and still had little relevance to the clinician. Early techniques took 1 hour to
digitize and analyze a 1-second epoch of electroencephalographic data. Computer hardware has dramatically
improved in speed and size, and real-time signal processing is now possible and commonly used.

Several limitations are introduced when moving from the raw electroencephalographic domain to the processed
electroencephalographic domain. First, as the processed electroencephalographic signal becomes more
electronically remote (i.e., more processed), there is a point at which it becomes increasingly difficult or
impossible to relate what we know about the raw electroencephalographic data to the processed signal. An
example of this problem was found in an early prototype electroencephalographic monitor used in the operating
room. When the dominant electroencephalographic frequency and amplitude were kept in an acceptable
reference range, a green light was visible. When values fell outside this range, a red light appeared. Most of the
valuable information contained in the EEG was not visible to the clinician, and the displayed lights were of little
value in many cases. Today, some clinicians with no experience in interpreting raw electroencephalographic
data are using a processed EEG with little ability to understand how it relates to the original raw data and how
artifacts may contaminate the signal and appear as perfectly believable processed electroencephalographic data.
Second, the standard 16-channel electroencephalographic montage provides more information than can be
practically analyzed or displayed in most processed electroencephalographic monitors and perhaps more than is
needed for routine intraoperative use. Studies have not elucidated the optimal number of
electroencephalographic channels for intraoperative monitoring, but most available processed
electroencephalographic devices use four or fewer channels of information—translating to at most two channels
per hemisphere. Processed electroencephalographic devices generally monitor less cerebral territory than a
standard 16-channel EEG. Third, some intraoperative changes are unilateral, and some are bilateral. Display of



the activity of both hemispheres is necessary to differentiate unilateral {i.e., not caused by global factors such as
anesthesia) from bilateral changes. An appropriate number of leads over both hemispheres is needed. The gold
standard for intraoperative electroencephalographic monitoring is the continuous visual inspection of a 16- to
32-channel analog EEG by an experienced electroencephalographer. 'Y Adequate studies comparing
processed EEG with fewer channels to this gold standard across multiple uses and operations have not been
done, although limited data using processed electroencephalographic momtormg during carotid surgery suggest
that two- or four-channel instruments can detect most significant changes."=

DEVICES

Two basic forms of electroencephalographic processing are used: power analysis and bispectral analysis. Power
analysis uses Fourier transformation to convert the digitized raw electroencephalographic signal into component
sine waves of identifiable frequency and amplitude. The raw electroencephalographic data, which are plots of
voltage versus time, are converted to plots of frequency and amplitude versus time. Many commercially
available processed electroencephalographic machines display power (i.e., voltage or amplitude squared) as a
function of frequency and time. These monitors display the data in two general forms: compressed spectral
array (CSA) or density spectral array (DSA). In CSA, frequency is displayed along the x axis, and power is
displayed along the y axis, with the height of the waveform equal to the power at that frequency. Time is
displayed along the = axis. Tracings overlap each other, with the most recent information in front (Fig. 38-4).
DSA also displays frequency along the x axis and time along the y axis, and power is reflected by the density of
the dots at each frequency. Each display format provides the same data, and the choice depends on the
preference of the user.

EEG r\-/r\/VVWW\/\/\/VV\ Figure 38-4 Diagram of the technique used to generate a
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depth were largely unsuccessful, these same parameters are now used to various degrees with much more
success as a part of different algorithms (including BIS) to measure hypnotic states.

Bispectral analysis takes into account the phase relationships between the individual components of the raw
electroencephalographic signal. These phase relationships are not included in power analysis. Bispectral
analysis has seen extensive use in the past decade, and the primary use of this analysis technique is as a monitor
of depth of hypnosis. Although the bispectral analysis may also yield information suggestive of cerebral
pathologic states developing intraoperatively, such as cerebral ischemia, it is not recommended by the
manufacturer for this use /' H12IE0

DATA ACQUISITION PERIOD

An important consideration in the processed EEG is the element of time. The standard EEG is continuous in
real time. The processed EEG samples data over a given period (i.e., epoch), processes the data, and then
displays information in various formats. There is a relationship between epoch length and spectral resolution. If
a long epoch length is chosen, the waveform can be described precisely, but the time required for data
processing is long. 1f a short length of data is sampled, analysis may be done almost in real time, but the epoch
chosen for analysis may not be representative of the overall waveform. There may also be insufficient data
points for meaningful Fourier transformation. This issue, as related to the use of intraoperative EEG for analysis
of anesthetic depth, has been studied by Levy.*" A longer epoch may produce less epoch-to-epoch variability
and allow more precise description of frequency and power; however, the longer epoch increases the delay
before new information is processed and displayed, thereby reducing the amount and timeliness of information
available for clinical decision-making. In studying epochs of 2 to 32 seconds, Levy concluded that 2-second
epochs are appropriate during general anesthesia. Many of the commercially available devices have used 2-
second epoch lengths, which are updated at various user-selected intervals. With better and faster computers,
continuous monitoring of 2-second epochs is possible.

ANESTHESIA AND THE ELECTROENCEPHALOGRAM

With the advent of the then high-tech EEG in 1950, Courtin and colleagues'®3! sought to monitor the brain and
devise a servocontrolled system that could adjust the anesthetic concentration administered on the basis of the
electroencephalographic pattern. It was an ingenious idea, but despite available descriptions of the EEG during
anesthesia, knowledge and technology were not adequate at that time. Even using more modern devices with
much higher degrees of computer power, servocontrolled administration of anesthetics remain imperfect at
best 212 Because all anesthetic drugs do not produce exactly the same changes in electroencephalographic
pattern as anesthesia deepens, generic correlation of the EEG with depth of anesthesia across all anesthetic
techniques remains an elusive goal. One of the major reasons that the EEG has been difficult to use for
assessing anesthetic depth is that most modern anesthetics use many different classes of drugs, all of which have
significant electroencephalographic effects, for premedication, induction, and maintenance of anesthesia. Other
intraoperative factors may affect the EEG (Table 38-2), adding to the difficulty of its interpretation.
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Table 38-2 -- Nonanesthetic factors affecting the electroencephalogram during anesthesia Ll
Surgical Factors Pathophysiologic Factors

rCardiopuImonary bypass Hypoxemia

[ B

Retraction on cerebral cortex Hypothermia

Surgically induced emboli to the brain Hypercarbia and hypocarbia

|
Occlusion of major cerebral vessel (carotid cross-clamping, aneurysm clipping) | Hypotension |

Metabolic factors

Much research has been directed at developing a processed electroencephalographic parameter that is indicative
of depth of anesthesia. These processed parameters fall into two broad categories: parameters derived from
power analysis of the raw electroencephalographic data and parameters derived from bispectral analysis of the
EEG. Power analysis processes data from the raw EEG related to frequency and amplitude of the waveforms
over time but does not consider phase relationships between the component waves. Bispectral analysis is a
somewhat more complex process that includes phase relationship data. Several processed
electroencephalographic parameters from Fourier analysis have been investigated as indicators of anesthetic
depth. These parameters include spectral edge frequency 95% (SEF95), which is the frequency below which
95% of the electroencephalographic activity falls; median frequency (i.e., frequency at the midpoint of the
power spectrum); peak power frequency (i.e., frequency with the highest electroencephalographic power), and
relative delta power (i.e., percent of the EEG power in the delta band). Some investigators have had success in
using one or more of these parameters to predict the depth of anesthesia."'*) Others have found that although
these parameters change during anesthesia, they were not consistently predictive of depth of anesthesia as
assessed by response to stimuli, movement, or return of consciousness during emergence from anesthesia 21241
In particular, these parameters depend on the type of anesthetic agent or combination of agents used. Whereas
one parameter may correlate well with a primarily volatile anesthetic technique, it may perform less consistently
during narcotic-based anesthesia.

Encouraging results have been obtained using the BIS to monitor anesthetic depth (see Chapter 31). The BIS is
a processed parameter derived from multiple features generated by bispectral analysis of the EEG. Through
clinical trials, features of the bispectral analysis that were predictive of response to stimuli under the effects of a
variety of anesthetic agents were identified. These features were combined to a multivariate index using
discriminant analysis."**2 After the BIS was developed, it was further tested and empirically refined to
improve predictive ability.*” The BIS is displayed as a numeric value from 0 to 100 and can be trended over
time. Many clinical trials have investigated the ability of the BIS to monitor anesthetic depth and predict
response to stimuli. Trials have been directed at determining BIS values predictive of loss of consciousness, loss
of recall, and prevention of movement in response to surgical stimulation. The BIS value indicative of a certain
level of consciousness varies somewhat between different anesthetic techniquesjﬂl; however, the ability of the
BIS to predict loss of consciousness and lack of recall during sedation has been consistently demonstrated by a
number of investigators using a variety of drugs and drug combinations."**Z However, the ability of BIS to
predict hemodynamic response to surgical stimulation or movement in response to surﬁical stimulation has been
less consistently demonstrated and may depend more on the anesthetic technique. “UE2 These results have
suggested to some that the anesthetic state involves at least two different components. One is a reflection of
hypnosis and consists of loss of consciousness and recall; the BIS value is indicative of this state. However, the
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obtundation of hemodynamic and movement responses to noxious stimuli is less well predicted by the BIS and
probably is mainly mediated at the spinal cord level.*?! BIS monitoring of the level of sedation during an awake

craniotomy with cortical mapping is shown in Figure 38-5.
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Figure 38-5 Bispectral index (BIS)
tracings from an awake craniotomy
with intraoperative cortical mapping.
Propofol infusion was titrated against
the BIS value to provide adequate
sedation during the operative
procedure. Termination of the
propofol infusion during the cortical
mapping is followed by a prompt
increase in the BIS value and recovery
of the patient to a fully alert state.

Anesthetic drugs affect the
frequency and amplitude of
electroencephalographic
waveforms. Although each drug
class and each specific drug has
some explicit, dose-related
electroencephalographic effects
(Table 38-3), some basic
anesthesia-related
electroencephalographic
patterns may be described.
Subanesthetic doses of
intravenous and inhaled
anesthetics usually produce an

increase in frontal f activity and abolish the « activity normally seen in the occipital leads in the awake, relaxed
patient with the eyes closed. As the patient goes to sleep with general anesthesia, the brain waves become larger
in amplitude and slower in frequency. In the frontal areas, small p activity seen in the awake patient slows to the
o range and increases in size. In combination with the loss of the occipital « activity, this phenomenon produces
the appearance of a shift of the a activity from the posterior cortex to the anterior cortex. Further increases in
the dose of the inhalation or intravenous agent produce further slowing of the EEG, and some agents have the
capability to totally suppress electroencephalographic activity (see Table 38-3). Other agents (e.g., opioids,
benzodiazepines) never produce burst suppression or an isoelectric EEG despite increasing dose because they
are incapable of completely suppressing the EEG or because cardiovascular toxicity of the drug (e.g., halothane)

prevents administration of a large enough dose.



Table 38-3 -- Anesthetic drugs and the electroencephalogram

| Effect on EEG
Drug Effect on EEG Frequency |Amplitude of Dominant |Burst Suppression
' Frequency
?[soﬂurane Yes, >1.5 MAC
| Subanesthetic Loss of a, 1 frontal f§ 1
| Anesthetic Frontal 4-13 Hz activity 1
| Increasing dose Diffuse 8 and 8 — burst 10
_ >1.5 MAC suppression — silence
I - - - * + [
Desflurane S:r!uIar to equi-MAC dose |Similar to equi-MAC Yes, >1.5 MAC
_ of isoflurane dose of isoflurane
[ S . e k
Sevoflurane Similar to equi-MAC dose | Similar to equi-MAC Yes, >1.5 MAC

of isoflurane

dose of isoflurane

Nitrous oxide (alone)

Frontal fast oscillatory

activity (>30 Hz)

1, especially with inspired
concentration >50%

No

:Enﬂurane }Yes, >1.5 MAC
' Subanesthetic Loss of a, 1 frontal B () i
Anesthetic 1 Frontal 7-12 Hz activity |1
Increasing dose >1.5 Spikes/spike and slow .
waves — burst suppression; |11 — 0
MAC . .
hypocapnia — seizures
Halothane Not seen in clinically
useful dosage range |
Subanesthetic 1 Frontal 10-20 Hz activity |1 l
Anesthetic 1 Frontal 10-15 Hz activity |1 g
r Increasing dose >1.5 Diffuse 0, slowing with ) I
MAC increasing dose |
'Barbiturates Yes, with high doses |
j Low dose Fast frontal B activity Slight 1 ‘
I
Moderate dose Frgmtal a-frequency 1
. spindles
| e
Increasing high dose Bl 6 bur§t 11 —0
| suppression — silence
rEtomidate Yes, with high doses |
| Low dose Fast frontal B activity 1
I Moderate dose Frontal a-frequency T |
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Effect on EEG

Drug Effect on EEG Frequency |Amplitude of Dominant |Burst Suppression
Frequency
spindles
Increasing high dose DTS 8 - bur§t 1T—0
suppression — silence
Propofol Yes, with high doses
Low dose Loss of a, 1 frontal B 1
Moderate dose zrontal 6, waxing or waning i
Increasing high dose DA 6 - bur§t M"M—-0
suppression — silence
Ketamine No
Low dose Loss of a, 1 variability Tl
Moderate dose Frontal rhythmic & )

Increasing high dose Polymorphic 3, some f8 11 (B is low amplitude)
Benzodiazepines No

Low dose Loss'of.‘ a, increased frontal 1

B activity

High dose Frontally dominant 6 and 8 |1
Opiates No

Low dose Loss of B, a slows —1

Moderate dose Diffuse 0, some & t

High dose o, often synchronized ™

EEG, electroencephalographic; MAC, minimum alveolar concentration; a, 8—13 Hz frequency; B, >13 Hz
frequency; 8, <4 Hz frequency; 8, 4-7 Hz frequency.

INTRAVENOUS ANESTHETICS

BARBITURATES, PROPOFOL, AND ETOMIDATE

Despite widely varying potencies and durations of action, all of the intravenous anesthetics produce similar
electroencephalographic patterns. Figure 38-6 shows the electroencephalographic effects of thiopental (see

Chapter 10). These drugs all follow the basic anesthesia-related electroencephalographic pattern described

previously, with initial activation (see Fig. 38-6A) followed by dose-related depression. As the patient loses
consciousness, characteristic frontal spindles are seen (see Fig. 38-6B), which are replaced by polymorphic 1- to
3-Hz activity (see Fig. 38-6C) as the drug dose is increased. Further increases in dose result in lengthening
periods of suppression interspersed with periods of activity (i.e., burst suppression). With a very high dose,
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electroencephalographic silence results. All these drugs have been reported to cause epileptiform activity in
humans, but epileptiform activity is clinically significant only afier methohexital and etomidate when given in

subhypnotic doses.
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Figure 38-6 electroencephalographic effects of
intravenous administration of thiopental in
humans. A, Rapid activity. B, Barbiturate
spindles. C, Slow waves, D, Burst

suppression.

{From Clark DL, Rosner BS: Neuraphysiologic
effects of general anesthetics. Anesthesiology
38:564, 1973}

KETAMINE

Ketamine does not follow the basic
anesthesia-related
electroencephalographic pattern.
Anesthesia with ketamine is
characterized by frontally dominant
rhythmic, high-amplitude 8 activity.
Increasing doses produce intermittent
polymorphic 6 activity of very large
amplitude interspersed with low-
amplitude B activity.*] Electrocortical
silence cannot be produced with
ketamine. Electroencephalographic
activity may be very disorganized and
variable at all doses. Recovery of
normal electroencephalographic
activity, even after a single bolus dose
of ketamine, is relatively slow
compared with barbiturates. There is no
information available about the
relationship between emergence
reactions after ketamine and the EEG.
Ketamine has also been associated with
increased epileptiform activity. X%

Despite different potencies and durations of actions, benzodiazepines also follow the basic anesthesia-related
electroencephalographic pattern. As a class, however, these drugs are incapable of producing burst suppression

or an isoelectric EEG.



OPI0IDS

As a class, opioids do not follow the basic anesthesia-related electroencephalographic pattern. In general,
opioids produce a dose-related decrease in frequency and increase in amplitude of the EEG. If no further doses
of opiates are given, a and  activity will return as drug redistribution occurs. The rapidity of return depends on
the initial dose and on the drug. Remifentanil is associated with the most rapid return to normal ! Complete
suppression of the EEG cannot be obtained with the opioids. Epileptiform activity occurs in humans and in
animals receiving large to supraximal clinical doses of opioids. For example, sharp wave activity is relatively
common after induction of anesthesia with fentanyl, with 20% of patients showing this phenomenon after 30

ne/kg, 60% at 50 pg/kg, 58% at 60 pg/kg, and 80% at 70 pg/kg. This epileptiform activity is mainly observed
in the frontotemporal region.**

INHALED ANESTHETICS
NITROUS OXIDE

Used alone, nitrous oxide causes a decrease in amplitude and frequency of the dominant occipital « rhythm (see
Chapter 5, Chapter 6, Chapter 7, and Chapter 8). With the onset of analgesia and depressed consciousness,
frontally dominant fast oscillatory activity (>30 Hz) is frequently seen.l**] This activity may persist to some
extent for up to 50 minutes after discontinuation of nitrous oxide. When nitrous oxide is used in combination

with other agents, it increases the clinical and electroencephalographic effects that are associated with the agent
alone.

ISOFLURANE, SEVOFLURANE, ENFLURANE, HALOTHANE, AND DESFLURANE

Potent inhaled anesthetics follow the basic anesthesia related electroencephalographic pattern. For example,
isoflurane initially causes an activation of the EEG, followed by a slowing of the electroencephalographic
activity that escalates with increasing dose. Isoflurane begins to produce periods of electroencephalographic
suppression at 1.5 minimum alveolar concentration (MAC), which become longer with increasing dose until
electrical silence is produced at 2 to 2.5 MAC. Sometimes, isolated epileptiform patterns can be seen during
intersuppression activity at 1.5 to 2.0 MAC of isoflurane."**! Sevoflurane causes similar dose-dependent
electroencephalographic effects. Equi-MAC concentrations of sevoflurane and isoflurane cause similar
electroencephalographic changes.”* Epileptiform activity has been induced by administration of sevoflurane in
patients without epilepsy, and seizure activity on EEG, but not clinical seizure activity, has been reported in
pediatric patients with a history of epilepsy during induction of anesthesia with sevoflurane 23 Despite these
observations, sevoflurane, like other inhalation agents, is not suitable for use during electrocorticography for
localization of seizure foci.'** The electroencephalographic patterns seen with enflurane are similar to those
seen with isoflurane, except that epileptiform activity is considerably more prominent. At 2 to 3 MAC, burst
suppression is seen, but virtually all intersuppression activity consists of large spike and wave pattern
discharges. Hyperventilation with high concentrations of enflurane increases the length of suppression,
decreases the duration of bursts, but increases the amplitude and main frequency component of the
intersuppression epileptiform activity. Frank seizures seen on the EEG may also occur with enflurane, which
produces the same cerebral metabolic effects as pentylenetetrazol, a known convulsant. Halothane also
produces electroencephalographic patterns similar to those of isoflurane, but dosages of halothane that would
produce burst suppression on the EEG (3 to 4 MAC) are associated with profound cardiovascular toxicity.
Desflurane produces electroencephalographic changes similar in nature to equi-MAC concentrations of



isoflurane. In limited clinical studies, there has been no evidence of epileptiform activity with desflurane,
despite hyperventilation and 1.6 MAC dosage,”” and desflurane has been used as a treatment of refractory
status epilepticus."*”

Clinical studies have demonstrated that the EEG of inhalational anesthetic agents is influenced by age and
baseline electroencephalographic characteristics. Older patients and those with electroencephalographic slowing
at baseline were more sensitive to the electroencephalographic effects of isoflurane and desflurane. As
anesthesia was deepened, similar electroencephalogra]jil}ic pattern changes were observed, but these changes
occurred at lower end-tidal anesthetic concentrations."!

ELECTROENCEPHALOGRAPHIC MONITORING FOR SURGICAL
PROCEDURES

Although the EEG has only recently achieved widespread use as a measure of the depth of anesthesia, its use as
a monitor of the adequacy of CBF, especially during carotid endarterectomy, has been established for many
years. Because anesthetic drugs do affect the EEG (see Table 38-3) and many of these electroencephalographic
changes may mimic those associated with inadequate CBF, some guidelines about anesthetic management
during electroencephalographic monitoring for cerebral ischemia may be helpful (Table 38-4).

Table 38-4 -- Anesthetic guidelines for intraoperative monitoring for ischemia

‘No changes in anesthetic technique should be made during critical periods of monitoring (e.g., induced
hypotension, carotid clamping, aneurysm clipping).

Avoid major changes in anesthetic gas levels or boluses of opiates, barbiturates, or benzodiazepines near times
of increased ischemic risk.

[

If drugs must be given that create extreme electroencephalographic slowing or an isoelectric pattern (e.g.,
barbiturates), it is sometimes possible to monitor somatosensory evoked potentials, which may remain relatively
unaffected.

CARDIOPULMONARY BYPASS

In humans, changes that occur with the institution of CPB may alter the EEG by multiple different mechanisms
(see Chapter 50 and Chapter 51). For example, plasma and brain levels of anesthetic drugs may be altered by
CPB or by anesthetic drugs commonly given at the institution of bypass; alterations in arterial carbon dioxide
tension and blood pressure may occur; and hemodilution with hypothermic perfusate usually occurs. These
effects, all of which may produce electroencephalographic changes similar to the pathologic changes seen with
ischemia, make it difficult to interpret the changes occurring around the time of institution of CPB.

Levy and colleagues®**!! tried to differentiate the normal effects of hypothermia from other events occurring at
the institution of and conclusion of CPB. Initially, they concluded that only a qualitative relationship could be
determined, but later, with the use of a much more sophisticated analysis technique (i.e., approximate entropy),
electroencephalographic changes associated with changes in temperature could be quantified.
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Using the EEG during carotid vascular surgery to monitor the balance between oxygen supply and demand in
the cerebral cortex is an example of the most accepted intraoperative use for the EEG {see p ).Ina
large series of patients undergoing carotid endarterectomy at the Mayo Clinic,"™ the EEG was compared with
regional CBF using the '**Xe-washout method. This study validated the EEG as an indicator of the adequacy of
regional CBF.

Normal CBF in gray and white matter averages 50 mL/100 g/min. With most anesthetic techniques, the EEG
begins to become abnormal when CBF decreases to 20 mL/10¢ g/min, However, the threshold for
electroencephalographic changes appears to be much lower (8 to 10 mL/100 g/min) when isoflurane is used.*%
Cellular survival is not threatened until CBF decreases to 12 mL/100 g/min (lower with isoflurane). The
difference in blood flow between when the EEG becomes abnormal and the blood flow at which cellular
damage begins to occur provides a rational basis for monitoring with the EEG during carotid surgery. In many
cases, prompt detection of electroencephalographic changes may allow intervention (e.g., shunting, increasing
cerebral perfusion pressure) to restore CBF before onset of permanent neurologic damage. Standard
hemodynamic monitoring provides no direct information about the adequacy of CBF. Blood pressure is not a
specific indicator of the adequacy of CBF. Significant hypotension is not predictably associated with
electroencephalographic evidence of cerebral ischemia. One study demonstrated that treatment of decreased
blood pressure during carotid vascular surgery with phenylephrine resulted in a significant incidence of left
ventricular wall motion abnormalities.*® This finding suggests that treatment of hypotension with
phenylephrine should be undertaken only when there is evidence of hypoperfusion on the ECG or EEG.

Severe anemia and decreases in oxygen saturation also decrease oxygen delivery. Electroencephalographic
activity becomes abnormal after increased blood flow cannot compensate for decreased arterial oxygen content.

Serious intraoperative reduction in cerebral oxygen supply may result from surgical factors (e.g. carotid cross-
clamping) that are usually eyond the anesthesiologist's control and from factors that the anesthesiolog st can
correct. Reduced CBF produced by hyperventilation, hypotension, or temporary occlusion of major bloo
vessels sometimes is correc ed by educing ventilation, by restoring normal blood pressure, or in he case of
temporary vessel occlusion, by * ¢ easing blood pressure above normal. Because the cerebral ischemiam y be
readily detected by the E  electroencephalographic monitoring may be used to evaluate the effec iveness o
therapy instituted to correct schemia.
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