
REVIEW
 CURRENT
OPINION A narrative review of electroencephalogram-based

monitoring during cardiovascular surgery
 Copyright ©

www.co-anesthesiology.com
a a b
Heiko A. Kaiser , Darren Hight , and Michael S. Avidan
Purpose of review

The current narrative review focuses on depth of hypnosis monitoring with electroencephalography (EEG)
during cardiovascular surgery. There have been important findings in recent years regarding the challenges
and limitations of EEG-based monitoring during general anesthesia. The purpose of this review is to
summarize key EEG-related concepts, as well as to highlight some of the advantages and disadvantages of
processed and unprocessed EEG monitoring, especially for older patients with comorbidities undergoing
cardiovascular surgery.

Recent findings

The brain is the target organ of anesthesia. Using the EEG or processed EEG to guide anesthetic
administration during cardiovascular surgery conceptually allows precision patient-centered anesthesia. It is
suggested that inadequate anesthesia, with the possibility of traumatic intraoperative awareness, can
potentially be avoided. Furthermore, excessive anesthesia, with hemodynamic compromise and theoretical
risk of delirium, can be minimized. Frail, older patients undergoing major surgery with preexisting
neurocognitive disorders might be especially vulnerable to perioperative neurological and other
complications. Tailoring anesthetic administration, based on individual patient needs partly guided by
certain EEG features, might yield improved perioperative outcomes.

Summary

Ability to interpret the EEG during surgery might help anesthesia clinicians to individualize anesthetic
administration to prevent adverse events, and optimize postoperative recovery.
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INTRODUCTION

The role of electroencephalography (EEG)-based
brain monitoring in guiding optimal administration
of hypnotic agents during general anesthesia has
been investigated for many years. Although the EEG
shows predictable shifts in activity in response to
increasing anesthetic concentrations, the evidence
for improved clinical outcomes is conflicting [1–4].
In some countries, EEG monitoring during surgery is
common, whereas in others it is rare. For example,
in the United Kingdom, the minority of anesthesi-
ologists use intraoperative EEG monitoring, even for
high-risk cases [5]. Several organizations have rec-
ommended that EEG should be used routinely,
especially for patients who are at risk of complica-
tions like awareness and delirium [6–8].

The cardiovascular surgery patient population,
oftenolderandwithmultiplecomorbidities, isknown
to be vulnerable to a wide variety of negative clinical
outcomes, including intraoperative awareness with
recall [9], major organ injury [10], neurocognitive
 2019 Wolters Kluwer H
disorders (postoperative delirium, delayed neurocog-
nitive recovery, and minor and major postoperative
neurocognitive disorders) [11] and postoperative
mortality [12,13]. In association with this high vul-
nerability, specific changes have been reported in the
EEG both during wakefulness and with general anes-
thesia [14

&

,15,16]. Furthermore, for these patients, an
increased sensitivity to commonly used anesthetics
has been described. One of the manifestations of this
heightened brain sensitivity is the appearance of
EEG burst suppression – epochs of isoelectric EEG
punctuated by bursts of activity – at relatively low
ealth, Inc. All rights reserved.
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KEY POINTS

� The cardiovascular surgery patient population, often
older and with multiple comorbidities, is known to be
vulnerable to a wide variety of negative clinical
outcomes, including intraoperative awareness with
recall, major organ injury, neurocognitive disorders,
and postoperative mortality.

� Changes in patients’ brain electrical activity in response
to the administration of general anesthetics might
provide information beyond hypnotic depth; indeed,
these changes might prove helpful in predicting
postoperative outcomes.

� Side effects of anesthetics necessitate their judicious use
in patients with cardiovascular disease, especially
when they are frail. Monitoring the brain, which is the
target organ of general anesthesia, theoretically allows
precision anesthesia minimizing side effects such as
burst suppression and hypotension.

� The limitations of processed EEG (pEEG) indices are
accentuated in patients undergoing cardiovascular
surgery, where hypovolemia, low cardiac output,
hypotension, hypothermia, acid–base and electrolyte
abnormalities, hypoglycemia, cerebral ischemia, and
seizures can all lead to changes in the EEG and pEEG
indices that might be independent of anesthetic agents
or hypnotic depth.

� Lower frontal alpha power during anesthesia, as
occurs with older age and with frailty/comorbidities,
relative to higher frequency bands might be falsely
translated into a higher pEEG index reading
despite lower MAC requirements. This can lead to
excessive anesthetic administration to vulnerable
older patients.

A narrative review of electroencephalogram-based monitoring Kaiser et al
concentrations of volatile agents or Propofol [17,18].
Intraoperative burst suppression with concomitant
hypotension has been identified as being associated
with increased postoperative mortality [19]. Older
age, frailty, and comorbidities might explain this
observed increased sensitivity [16,20

&

]. Based on
these observations, it is possible that changes in
patients’ brain electrical activity in response to
the administration of general anesthetics might
provide information beyond hypnotic depth;
indeed, these changes might prove helpful in pre-
dicting postoperative outcomes.

Some EEG changes are not reflected in current
processed EEG (pEEG) monitors [e.g., the bispectral
index (Medtronic, Minneapolis, Minnesota, USA),
SedLine (Masimo, Irvine, California, USA), Entropy
(GE Healthcare, Chicago, Illinois, USA), or Narco-
trend monitors (MonitorTechnik, Bad Bramstedt,
Germany)], which use proprietary algorithms to
analyze the EEG signal and generate a number,
 Copyright © 2019 Wolters Kluwe
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typically between zero and 100, intended to reflect
the depth of hypnosis. There are many limitations to
pEEG indices, to which we will refer in this review.
Traditional nonproprietary ways of viewing the EEG
include examination of the raw EEG waveform,
tracking changes in amplitude over time. Moreover,
spectral views of the EEG transformed into the
frequency domain can be useful, where power
(amplitude squared) is shown for each frequency
band (the spectrum), or power is shown at each
frequency band over time (the spectrogram). Being
able to interpret the changes in EEG and its spectro-
gram during general anesthesia for cardiac surgery
and other procedures can provide information
regarding hypnotic depth; acute hypoperfusion of
the brain or of one hemisphere (Fig. 1); epileptic
discharges; severe brain damage; adequate cooling
of the brain before hypothermic circulatory arrest;
and return of function after following hypothermic
circulatory arrest (Fig. 2).
PRECISION ANESTHESIA

Older patients comprise a growing number of
patients presenting for cardiovascular surgery, and
a substantial portion of these patients have numer-
ous comorbidities that might lead to frailty, which
translates into decreased cardiopulmonary reserve.
Frailty is a central concern for surgical patients,
especially in cardiac surgery. The opportunities for
both surgical and nonsurgical management of car-
diac disease have increased, from minimally inva-
sive interventions like transcatheter aortic valve
replacement or mitral clips, to cardiac surgery with
small left ventricular assist devices. So, there are
viable treatment options even for the frailest of
our patients, and we are confronted with difficult
decisions regarding anesthetic management. We
must balance the side effects of anesthetic agents,
with the possible benefits they provide in the face of
tissue trauma, painful stimuli, and stress.

The negative inotropic and vasodilatory effects
of anesthetics have been well described, as have the
cardioprotective properties of volatile anesthetic
agents [21,22]. Despite the hypothesized protective
properties, side effects necessitate the judicious use
of anesthetic agents in patients with cardiovascular
disease, especially when they are frail. Monitoring
the brain, which is the target organ of general anes-
thesia, theoretically allows precision anesthesia.
Otherwise stated, by monitoring the brain with
the EEG, anesthesia clinicians can tailor the anes-
thetic administration to the particular needs of the
individual patient, thereby avoiding both underdos-
ing and overdosing of general anesthesia, with their
attendant complications.
r Health, Inc. All rights reserved.
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FIGURE 1. Spectrogram in the presence of cerebral hypoperfusion during carotid endarterectomy. The spectrograms show an
example electroencephalography response to cortical ischemia during general anesthesia under isoflurane for right-sided
carotid endarterectomy. Spectrogram (a) shows electroencephalography recorded from the left hemisphere, with minimal
changes, whereas spectrogram (b) from the right hemisphere shows a loss of power (shift away from red) over all frequencies
during clamping of the right carotid artery following 10 and 20 min, which recovers before 30 min.

FIGURE 2. Spectrogram during thoracic aortic surgery with deep hypothermic circulatory arrest. The spectrogram (a) is taken
from a patient who had aortic arch surgery performed with deep hypothermic circulatory arrest and isoflurane/sufentanil
general anesthesia. During cooling (temperature shown in b) burst suppression sets in at 3500 s with isoelectric
electroencephalography starting at 4500 s. During rewarming brain activity recovers with decreased alpha band power
initially, which increases steadily until the end of the case.

Cardiovascular anesthesia
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ELECTROENCEPHALOGRAPHY CHANGES
WITH GENERAL ANESTHESIA

With increasing volatile or Propofol anesthetic
concentrations, the frontally derived EEG changes
in well known ways (Fig. 3) [23,24]. The awake EEG
shows low-voltage (around 15 mV, but amplitudes
depend on active and reference electrode location)
fast activity without distinct activity in a particular
frequency band. At anesthetic concentrations
resulting in light sedation, the EEG is dominated
by oscillations in the beta (around 12–30 Hz) fre-
quency band. When concentrations are sufficient
to allow surgery, the EEG voltages increase to show
 Copyright © 2019 Wolters Kluwe

FIGURE 3. Frontal electroencephalography changes during ind
example of frontal electroencephalography changes during induc
row raw electroencephalography (voltage over time) is displayed
frequency) on the right. Row (a) shows an awake electroencepha
voltages, and an eye-blink artifact seen at around 7 s. Row (b) sh
with a mix of slow-wave (around 1 Hz) and alpha (around 9 Hz)
periods in red and suppression periods in green. Row (d) is a spe
power corresponding to red, and lower power corresponding to
location of the example electroencephalography sections in (a–c)
also easily recognizable in the spectrogram: low power sections
monitor was completing impedance checks, for example at aroun
resulting from electrocautery artifact during surgery (for example a
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larger and slower waveforms (up to 100 mV and
around 1 Hz, called the slow-wave oscillation) usu-
ally overlaid with a second oscillation in the alpha
range (classically eight to 12 Hz). With further
increases in anesthetic concentration, the EEG
transitions to burst-suppression, where the EEG
shows alternate periods of high amplitude activity
(bursts) and low amplitude activity (suppressions,
usually less than 5 mV). The length of the sup-
pressed EEG increases with anesthetic concentra-
tion, and the EEG can even become entirely
suppressed (isoelectric) if anesthetic concentra-
tions are high enough.
r Health, Inc. All rights reserved.

uction and maintenance of anesthesia. This figure shows an
tion and maintenance of anesthesia with Propofol. In each
on the left, and the resulting power spectrum (power over
lography prior to induction into anesthesia, with low
ows an electroencephalography during general anesthesia,
oscillations. Row (c) shows burst suppression, with burst
ctrogram where power is displayed as color (with higher
blue), frequency on the Y-axis, and time on the X-axis. The
are shown with black rectangles. Two kinds of noise are

(blue vertical stripes) where the electroencephalography
d 44 min, and high-power sections (red vertical stripes)
t around 20 min).
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PREVENTION OF INTRAOPERATIVE
AWARENESS
Cardiac surgical patients have a higher risk than
other surgical patients for unintended intraopera-
tive awareness with explicit recall [9]. There are
many reasons for this, including the imperative to
limit anesthetic administration to minimize hemo-
dynamic side effects. The transition periods when
initiating and terminating cardiopulmonary bypass
are also likely to represent high-risk times. During
commencement of bypass, concentrations of anes-
thetic and analgesic agents can decrease rapidly
through hemodilution as well as absorption by
the circuit and the membrane oxygenator. Transi-
tions can also be associated with rapid changes in
flow/cardiac output (CO), cerebral blood flow, and
temperature, all of which can alter depth of hypno-
sis during general anesthesia [25]. Furthermore, dur-
ing these transitions, clinicians (either the
anesthesiology team or the perfusionists) might
forget to initiate anesthetic agent administration.
And when attempting to wean a patient from car-
diopulmonary bypass, hemodynamic compromise
can curtail the ability to safely institute or increase
anesthetic agents.

In patients who are at high risk for intraopera-
tive awareness with recall, EEG-based monitoring
with pEEG indices probably decreases the incidence
of awareness. However, pEEG monitors are likely no
more effective in this regard than instituting a pro-
tocol with an alert for low volatile anesthetic con-
centration [4]. Yet, during cardiopulmonary bypass,
monitoring volatile anesthetic agent concentration
can be challenging. Therefore, clinicians often use
total intravenous anesthesia (TIVA) alone or to com-
plement the volatile anesthetic. For TIVA, there is
evidence to suggest that pEEG indices are helpful in
preventing awareness with recall [3,26]. There is a
strong argument to be made that whenever TIVA is
administered in combination with neuromuscular
blocking agents, monitoring the brain with EEG or a
pEEG monitor is mandatory. The fundamental chal-
lenge in relation to such brain monitoring is the
problem of calibration. Since there is no gold stan-
dard measure for depth of hypnosis beyond loss of
responsiveness, the accuracy of EEG and pEEG devi-
ces in tracking depth of hypnosis cannot currently
be determined. This challenge was emphasized
recently in a study demonstrating that some
patients who, during intended general anesthesia,
had a specific EEG pattern (frontal delta waves
phased amplitude coupled with alpha spindles)
thought to indicate unconsciousness; yet 7%
responded appropriately to commands with the
isolated forearm technique suggesting that they
were in fact conscious [27

&

].
 Copyright © 2019 Wolters Kluwer H
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CHALLENGES IN MONITORING HYPNOTIC
DEPTH
Currently available pEEG monitors [e.g. the bispec-
tral index (Medtronic), SedLine (Masimo), Entropy
(GE Healthcare) or Narcotrend monitors (Monitor-
Technik, Bad Bramstedt, Germany) use proprietary
algorithms to transform data from the EEG into a
linear scale from 0 to 100, were zero represents
absence of detectable brain electrical activity (per-
sistent suppression), and values close to 100 are
consistent with arousal states. Values between about
40 and 60 indicate a hypnotic state (e.g. sleep or
general anesthesia), with lower values suggesting
deep anesthesia, and higher values suggesting seda-
tion. There are several problems with this represen-
tation, including the following assumptions:
hypnotic depth with general anesthesia follows a
linear path; the paths of increasing and decreasing
hypnotic depths are similar, but just in opposite
directions; that these numbers have neurobiological
meaning and are comparable among different
patients regardless of age, sex, or combination of
drugs administered. All three of these assumptions
are likely to be flawed. First, various investigators
have shown that there are likely to be stable neuro-
logical states, and transitions between them are
often abrupt and might not be bidirectional
[28

&&

]. A recent human volunteer study also strongly
suggests that depth of hypnosis or anesthesia is not a
simple linear process. In this study, volunteers were
deeply anesthetized with isoflurane for over 3 h.
Regardless of how much time the EEG showed sup-
pression or where the suppression occurred tempo-
rally, there was no association between any
suppression parameter and the time to emerge from
anesthesia [29

&&

]. So even with EEG criteria indica-
tive of very deep anesthesia, emergence on cessation
of anesthetic administration could be rapid or slow;
the transition time from suppressed to aroused EEG
was not uniform across volunteers. The absence of
smooth transitions is an important barrier to using
pEEG indices to guide fine or precise titration of
anesthetic agents [30]. Second, the phenomenon of
neural inertia has been demonstrated in several
species, and is likely to apply in humans as well.
This phenomenon refers to the observation that
higher concentrations of hypnotic agents are
required in individual animals to achieve loss of
responsiveness compared with the concentration
at which return of responsiveness occurs. This is
likely not just a pharmacokinetic confound, but
rather suggests that different neurobiological mech-
anisms or pathways might be involved in the induc-
tion and emergence processes [31,32]. Third, there
have been several studies that show that pEEG indi-
ces are affected by multiple factors including
ealth, Inc. All rights reserved.
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surgical stimulation, regional anesthesia, age,
comorbidity, preexisting cognitive impairment,
sex, temperature, anesthetic agent, and combina-
tion of drugs [33]. It should be obvious to most
clinicians that a bispectral index value of 50 in a
healthy 30-year-old woman receiving intravenous
propofol with remifentanil for an appendectomy
cannot have the same neuro-biological meaning
as a bispectral index value of 50 in a frail 80-year-
old man who is receiving an opioid-heavy volatile
anesthetic for an aortic valve replacement.

The limitations of pEEG indices are accentuated
in patients undergoing cardiovascular surgery, where
hypovolemia, low CO, hypotension, hypothermia,
acid–base and electrolyte abnormalities, hypoglyce-
mia, cerebral ischemia, and seizures can all lead to
changes in the EEG and pEEG indices that might be
independent of anesthetic agents or hypnotic depth
[34

&

]. Age and comorbidities are associated with a
decrease in minimum alveolar concentration (MAC)
as well as frontal alpha power. Frontal alpha oscilla-
tions during general anesthesia are a useful sign
of unconsciousness; with loss of consciousness,
 Copyright © 2019 Wolters Kluwe

FIGURE 4. Spectrogram depicting lightening of anesthesia and t
(a) shows an example of unintended inadequate isoflurane anesth
Increasing peak alpha frequency (0–1500 s) with loss of alpha p
concurrent processed electroencephalography indices (b) illustrate
algorithms do not depict this arousal event; neither index increase
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anteriorization of alpha oscillations occurs (i.e., a
shift from occipital to frontal oscillations) [35]. But
a lower frontal alpha power during anesthesia, as
occurs with older age and with frailty/comorbidities,
relative to higher frequency bands might be falsely
translated into a higher pEEG index reading despite
lower MAC requirements. This can lead to excessive
anesthetic administration to vulnerable older
patients [36]. This hypothesis is supported by a large
retrospective analysis reporting paradoxically higher
bispectral index values, despite higher (than neces-
sary) age-adjusted MAC fractions [37

&&

]. As displayed
in Fig. 4, different pEEG algorithms interpret a given
frontal EEG quite differently, so this issue might be
more relevant with the bispectral index algorithm.
Effects of comorbidities on pEEG indices or algo-
rithms have not been well investigated to date.
PATIENT CHARACTERISTICS

Increasing patient age is associate with various alter-
ations in the EEG during general anesthesia. The
frequency and power of the alpha oscillation
r Health, Inc. All rights reserved.

wo derived electroencephalography indices. The spectrogram
esia during separation from cardiopulmonary bypass.
ower at 1600 s are spectral signatures of arousal [38&]. The

that some current processed electroencephalography
s markedly after 1500 s.
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(approximately between 8 and 12 Hz) decreases with
both increasing age and with increasing volatile
anesthetic concentration [20

&

,39]. Age is also known
to be associated with decreased overall EEG power in
all frequency bands, apart from just alpha [39].
Providing precision anesthesia to older patients is
challenging for several reasons. First, older adults
require lower concentrations of both volatile agents
and Propofol to achieve adequate hypnotic depth,
but there is likely to be wider interpatient variability
than with young, healthy patients. Second, older
patients are often more vulnerable to the cardiore-
spiratory side effects of anesthetic agents, including
hypotension. This can make it difficult to safely
administer adequate anesthetic concentrations.
Third, as noted, the EEG changes that occur during
general anesthesia are different in older adults, but
there is also more interpatient variability. Further-
more, the EEG changes in older adults during anes-
thesia have not been as well characterized as
they havebeen in youngeradults. Many of thestudies
describing EEG changes have been conducted in
young, healthy patients or volunteers. The variabil-
ity, both in relation to anesthetic requirements and
EEG changes in older adults, probably relates to
factors such as variability in preexisting neurodegen-
erative disorders, comorbidities and patient frailty.

Although these are difficult to study, various
(age-related) diseases are associated with notable
EEG changes during general anesthesia. For exam-
ple, with deteriorating health, there is increasing
sensitivity to anesthetic agents. This is reflected in
the EEG by less prominent or slow alpha oscilla-
tions, as well as the appearance of EEG suppression
at low anesthetic concentrations [16]. In general,
owing to obvious challenges, there has been little
focused work on the influence of specific comorbid-
ities on the EEG during general anesthesia.
The importance of clarifying the impact of specific
diseased on the EEG was emphasized in research
conducted by Wu et al. [40].
BURST SUPPRESSION AND PERSISTENT
SUPPRESSION

Burst suppression and persistent suppression are not
physiological EEG features. They can occur during
excessively deep general anesthesia and in patholog-
ical states like traumatic brain injury, coma, severe
hypothermia, hypoxia, hypoglycemia, encephalopa-
thies, or hypoperfusion of the brain [41]. This is
especially relevant during cardiovascular surgery,
excessively deep general anesthesia could be mim-
icked by different pathological states, including
hypotension, low CO, or stroke. In these situations,
both EEG features and processed EEG readings will
 Copyright © 2019 Wolters Kluwer H
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suggest that anesthesia is excessive, whereas the
actual explanation might be more sinister requiring
immediate intervention. Regardless of whether EEG
suppression or burst suppression are themselves inju-
rious, it is reasonable to address several of the poten-
tial contributors to EEG suppression [including
interventions such as decreasing anesthetic adminis-
tration, increasing blood pressure (BP), and active
warming when hypothermia is not required], since
it is unlikely in most instances (apart from status
epilepticus) for EEG suppression to be therapeutic.

Intraoperative hypotension is a modifiable risk
factor for perioperative stroke during cardiac surgery
[42], and in noncardiac surgery, associations between
hypotension on the one hand and delirium, acute
kidney injury, myocardial injury and mortality on
the other have been reported [43]. The relevance to
the EEG is that hypotension is also associated with
EEG changes during general anesthesia, such as EEG
suppression [44,45]. In attempting to ensure ade-
quate anesthesia, overdosing with attendant hypo-
tension can readily occur. Theoretically, using the
EEG or processed EEG as a titration aid can allow
clinicians to administer just the right amount of
anesthetic, thereby avoiding EEG suppression and
minimizing side effects such as hypotension. On
the contrary, precise titration of anesthesia guided
by the EEG might not feasible for several reasons,
including depth of anesthesia probably does not
follow smooth or predictable course [46]; the anes-
thetic concentration required to induce anesthesia
might be different from the concentration at which
responsiveness returns [32]; and the suggested EEG
and processed EEG correlates of unconsciousness
might not actually be 100% specific for unconscious-
ness [27

&

,47].
Although several studies have demonstrated a

robust and ‘dose–response’ relationship between
EEG suppression and postoperative delirium, the
ENGAGES trial did not demonstrate that actively
decreasing the duration of EEG suppression during
surgery prevented postoperative delirium. Thus, it
remains controversial whether or not there is a
causal link between intraoperative EEG suppression
and postoperative delirium (and other adverse out-
comes, like death) [2]. Although there was no differ-
ence in the incidence of delirium between the usual
care and EEG guided group in the ENGAGES trial,
the mortality incidence was four times higher in the
usual care group despite similar mean arterial pres-
sures, but with more phenylephrine administration
[2]. Furthermore, there was still EEG suppression in
the guided group [2], and the concurrence of hypo-
tension and EEG suppression have been associated
with postoperative mortality [19,48]. Thus, taking
together everything that is currently known, it
ealth, Inc. All rights reserved.
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remains compelling to monitor both the EEG and BP
during surgery, and to avoid both hypotension and
EEG suppression whenever feasible. Such an
approach might be beneficial and is unlikely to
harm patients.
CONCLUSION

For the many reasons articulated in this review, we
strongly recommend the routine use of EEG moni-
toring during general anesthesia, and especially
cardiovascular surgery. Currently pEEG indices are
often error prone, and are probably inadequate for
preventing the overdosing of older and more frail
patients. We believe that understanding EEG and
spectrogram changes in a more sophisticated way,
such overdosing can more readily be avoided, and,
in general, more precise or tailored administration
of anesthesia might be achieved. Avoiding EEG
suppression is one approach that might be helpful
in preventing unnecessarily deep anesthesia, with
the likely additional benefit of limiting side effects
of general anesthesia, especially hemodynamic
instability. We hope that leaders in the specialty
will heed the clarion call such that electroencepha-
lography will be one of the core educational com-
petencies for anesthesiologists and other anesthesia
clinicians, and that EEG brain monitoring will
become standard intraoperative practice.
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