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Abstract Monitoring the level of consciousness during

general anesthesia with processed electroencephalogram

(EEG) monitors has become an almost routine practice in

the operating room, despite ambiguous research results

regarding its potential benefits. For the patient as well as

the anesthesiologist, the primary concern with respect to

general anesthesia is that there will be a lack of awareness

and recall during surgery. Using EEG signals to monitor

the depth of anesthesia should reduce the incidence of

intraoperative awareness, lead to a reduction in drug con-

sumption, prevent anesthesia-related adverse events, and

enable faster recovery. These benefits have been associated

with depth-of-anesthesia monitoring in small clinical trials,

but larger studies of EEG-based monitoring have failed to

confirm the results of the smaller studies. The results of

recent studies that investigated the emergence of con-

sciousness after general anesthesia and the mechanism of

action of anesthetic drugs on the central nervous system

may help us to understand the limitations of EEG-based

monitors and why they do not perform better in large

clinical trials. In this article, we review the current status of

monitoring the hypnotic component of general anesthesia

and discuss the results of recent studies and guidelines that

pertain to depth-of-anesthesia monitoring.
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Introduction

There are four main components to general anesthesia

(GA): unconsciousness (hypnosis and amnesia), antinoci-

ception, immobility with muscle paralysis, and hemody-

namic stability. Electroencephalogram (EEG) patterns are

known to change with the patient’s depth of anesthesia, and

assessment of hypnosis requires measurements of electrical

activity in the central nervous system (CNS). Anesthetics

act on the brain; thus, this organ should be monitored in

addition to the patient’s spinal cord reflexes and cardio-

vascular system signs such as blood pressure and heart rate.

EEG-based depth-of-anesthesia (DoA) monitors use algo-

rithms to continuously analyze EEG signals and translate

any changes into simple numerical indices that correspond

to the level of consciousness. Monitoring the level of

consciousness is complex, and despite rapid developments

in this area, the benefits of EEG-based anesthesia moni-

toring are still controversial [1, 2•]. The problem lies in the

fact that our understanding of human consciousness is

incomplete, and we do not yet entirely understand the

effects of GA on the brain [3]. The depth of anesthesia is

neither stable nor constant; rather, it is a dynamic condition

that depends upon the balance between the dosage of

anesthesia and the pain caused by surgery. A primary

concern related to GA is the occurrence of awareness with

recall (AWR) during surgery. To prevent AWR, unneces-

sarily deep levels of anesthesia are commonly used; this is

a risk factor for intraoperative hypotension. Moreover,

associations between too-deep states of anesthesia and poor

postoperative, long-term outcomes have been reported [4].

Monitoring of the depth of anesthesia should accomplish

certain goals: it should show changes in the level of

anesthesia resulting from changes in the concentration of

anesthetics in the blood, yield similar results even when
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different anesthetic agents are used, show changes corre-

sponding to surgical stimulation, and indicate awareness

with no more than a short delay. The use of monitors

should reduce drug consumption, prevent anesthesia-rela-

ted complications, enable faster recovery, and reduce

intraoperative awareness. It should also be cost-effective.

In this review, we will discuss current studies and guide-

lines for monitoring the hypnotic component of anesthesia.

General Anesthesia and the Mechanism

of Unconsciousness

Anesthesia causes a global reduction in cerebral blood flow

(CBF) and brain metabolism; these causes arise from the

hyperpolarization of neuronal pathways to the cortex [5, 6].

In a positron emission tomography (PET) study with pro-

pofol and sevoflurane performed by Kaisti et al. [5], both

anesthetic agents reduced the relative CBF in the cuneus,

precuneus, posterior limbic system, thalamus, and mid-

brain. In addition, propofol reduced the relative CBF in the

parietal and frontal cortices.

During the preoperative visit, anesthesiologists usually

talk to patients about ‘‘being put to sleep’’ instead of being

put into coma; however, GA is actually a reversible drug-

induced coma [3]. In a deep coma state, patient respon-

siveness to pain stimulation disappears, just as it does

during surgical anesthesia. The EEG pattern during a deep

coma is similar to that of deep anesthesia, with high-

amplitude, low frequency activity [7]. On the molecular

level, stimulation of postsynaptic inhibitory ligand-gated

ion channels is a potential side effect of anesthetic drug

activity. The inhibitory synaptic receptors, such as gamma-

aminobutyric acid subtype A (GABA2), are the site of

action for propofol and volatile anesthetics [8]. It was

previously thought that unconsciousness and amnesia

during GA were brain cortical structure phenomena [9].

However, according to a study by Långsjö et al. [10••],

during the emergence of consciousness from anesthesia,

the subcortical structures of the brain are also involved. In

this study, arousal-induced brain activation after propofol

and dexmedetomidine anesthesia were administered was

visualized with PET. The emergence of consciousness, as

assessed by the motor response to a spoken command, was

associated with the activation of deep brain structures,

involving subcortical and limbic regions that are func-

tionally connected with parts of the frontal and inferior

parietal cortices (Fig. 1). Lee et al., [11••] investigated the

mechanism of action of ketamine during GA and compared

it with sevoflurane and propofol. They used EEG and

normalized symbolic transfer entropy (NSTE) to measure

directional connectivity across the frontal and parietal

regions of the brain. Disruptions in frontal–parietal

communication during GA are part of the mechanism by

which ketamine, propofol, and sevoflurane induce uncon-

sciousness. They concluded that measurement of frontal–

parietal feedback connectivity during GA could provide a

common metric of anesthesia-induced unconsciousness.

EEG-Based Monitors of Depth of Anesthesia

There are many different EEG-based DoA monitors,

including the Bispectral Index System Monitor (BIS

Monitor; Covidien, USA); E-Entropy Module (GE

Healthcare, USA); Narcotrend Compact M (MonitorTech-

nik, Germany); AEP A-line Monitor, Cerebral State

Monitor (Danmeter, Denmark); Patient State Index Moni-

tor, SEDLine (Masimo, USA); and SNAPII (Stryker,

USA). However, not all of them have been thoroughly well

validated by clinical studies. Auditory evoked potentials

(AEPs) reflect the response in the EEG to auditory stimu-

lation, usually as a click through headphones. AEPs were

first used in studies of anesthesia depth, and they show

dose-dependent changes with general anesthetics that are

similar among different drugs. Decreases in amplitudes and

increases in latencies of AEPs were detected during pro-

gressive stages of sedation and anesthesia [12]. An anes-

thesia depth monitor that uses AEP, the AEP A-line

Monitor/2 (Danmeter, Denmark), employs a composite

AEP/EEG A-line autoregressive index (AAI) [13–15]. To

our knowledge, the AEP monitor is no longer available

commercially as a DoA monitor. Thus, in this article, we

will focus on only three EEG-based monitors: the BIS

Monitor, E-Entropy and Narcotrend Compact M.

The BIS Monitor was the first commercially available

monitor to measure the hypnotic component of anesthesia

and thus monitor the pharmacodynamic effects of anesthetic

agents on the brain [16–18]. The United States Food and

Drug Administration (FDA) accepted the BIS monitor as a

measure of hypnotic levels of anesthesia in 1996. BIS tech-

nology combines multiple processed EEG signal analyses:

bispectral, power spectral, and time domain analyses [16].

In BIS monitoring validation studies, most intravenous

anesthetics (e.g., propofol and thiopental) and volatile

anesthetics (e.g., isoflurane, sevoflurane, and desflurane)

cause gradual changes in BIS values with increased drug

concentration. In a multicenter BIS evaluation study [19]

with propofol, isoflurane, and midazolam, the researchers

found a good correlation between BIS values and the

observer’s assessment of alertness and sedation (OAAS)

scale, with a very high predictive performance for correctly

indicating the probability of loss of consciousness (LOC).

Another multicenter study [20], which monitored the

effects of anesthesia on BIS values, demonstrated that

dosing anesthetic drugs with the goal of lowering BIS
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values is associated with a lower probability of movement

in response to surgical stimulation.

The Narcotrend-Compact M (MonitorTechnik, Ger-

many) monitors EEG signals continuously and uses an

algorithm to predict which of the six hypnotic stages patients

are currently in: A, awake; B, sedated; C, light anesthesia; D,

general anesthesia; E, deep hypnosis; and F, burst suppres-

sion or electrical silence (there are also 15 substages). For

surgical anesthesia, anesthetics are administered so that

patients are maintained in the D and E stages [21]. In addi-

tion, the Narcotrend index can be used for calculations: the

index is 100–0, and general anesthesia is within the range of

64–0. Validation studies that compared Narcotrend values

with BIS values are available for propofol anesthesia [22–

24] and also for inhalation anesthesia with desflurane and

isoflurane [25, 26]. High prediction probability for loss of

verbal response and eyelash reflex and for opens eyes

spontaneously was detected with Narcotrend monitor [27].

Spectral entropy, which is a measure of the hypnotic

level of anesthesia, was conceptualized in Finland in 1999

by Datex-Ohmeda. Spectral entropy estimates the com-

plexity and irregularity of the signal and quantifies the

amount of disorder in the EEG frequency domain [28].

Two components of spectral entropy are calculated:

response entropy (RE) and state entropy (SE). RE is

computed from EEG and electromyography (EMG) fre-

quencies in the range of 0.8–47 Hz. An increase in the

EMG frequency is an indicator of patient arousal, for

example, in response to nociception stimulation. The

shortest sampling window for RE is 1.92 s, which allows

the monitor to respond quickly to EMG activation. SE is

computed from the range of 0.8–32 Hz, and its time win-

dow for sampling is 15–60 s. Vakkuri et al. [29] validated

SE as an accurate assessment of anesthesia depth with

sevoflurane, propofol, and thiopental. RE and SE can dis-

tinguish between conscious and unconscious states and

show high sensitivity and specificity in the detection of

LOC. Moreover, Ellerkmann et al. [30] found that SE and

RE were useful EEG-based measures of the effect of

sevoflurane and propofol. Rinaldi et al. [31] evaluated BIS

monitoring and SE in terms of their correlations with dif-

ferent end-tidal concentrations of sevoflurane, and found a

good correlation between SE and end-tidal sevoflurane.

Reductions in Drug Consumption and Postoperative

Adverse Events

In BIS utility studies [32, 33], BIS monitoring enabled a

reduction in propofol use, faster emergence from

Fig. 1 Neural correlates associated with the return of consciousness

following propofol anesthesia, as assessed by the motor response to a

spoken command, were associated with the activation of deep brain

structures, involving subcortical and limbic regions that are func-

tionally connected with parts of the frontal and inferior parietal

cortices. Sagittal (top) and axial (bottom) sections of PET scan

showing activation in the anterior cingulate cortex (i), thalamus (ii),

and the brainstem (iii). Cortical renderings showing minimal occip-

ital, parietal, and frontal activations at this threshold. From [10••],

with permission from The Society of Neuroscience
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anesthesia, and reduced recovery time. BIS monitoring is

also reported to improve recovery from anesthesia and

reduce the amount of propofol (29 %) and isoflurane

(40 %) used [34], as well as the amount of sevoflurane

[35]. SE-guided induction of GA with propofol reduced the

amount of propofol needed [36, 37] and allowed for better

cardiovascular stability in elderly patients [37]. In a study

[38] that compared standard anesthesia practices and

entropy-guided propofol-remifentanil anesthesia, the stan-

dard-anesthesia group of patients received more propofol

and less remifentanil. A reduction in sevoflurane admin-

istration was also reported with the use of entropy-guided

monitoring [35, 39], as well as with desflurane with Nar-

cotrend monitoring [25].

BIS monitoring may help to reduce the incidence of

postoperative nausea and vomiting [33, 40, 41]. In a meta-

analysis [42] of BIS trials of ambulatory anesthesia in 1,390

patients across 11 randomized trials, BIS-guided anesthesia

reduced anesthetic consumption by 19 %, reduced the

occurrence of nausea/vomiting from 38 to 32 % in all

patients, and reduced recovery time. There was no time

difference between the groups with respect to discharge from

the ambulatory surgery unit, and the total cost of patient stay

was higher in the BIS group. Overall, in a Cochrane review

[43] that included 31 randomized studies, BIS monitoring

was not associated with an overall reduction in the amount of

propofol or volatile anesthetics used. Moreover, Avidan and

colleagues [44, 45] could not confirm that BIS monitoring

was more likely to lead to a reduction in the administration of

volatile anesthetics during GA compared to end-tidal anes-

thetic-agent concentration (ETAC). In a large study to pre-

vent AWR with BIS monitoring [46••], there was no

difference between the BIS group and an ETAC group with

respect to the postoperative incidence of nausea/vomiting or

discharge time from the recovery room. Therefore, one could

question the benefits of this type of monitoring compared to

traditional ETAC monitoring with respect to reducing

recovery time and anesthetic consumption. In the study [47•]

with automatic anesthesia system for closed-loop adminis-

tration of anesthesia drugs with target BIS values, an ade-

quate level of anesthesia was better achieved in the closed-

loop group compared to the manual control group. Emer-

gency time was shorter in the closed-loop group, but there

was no significant difference in propofol consumption

between groups.

EEG-Based Monitoring to Prevent Intraoperative

Awareness During General Anesthesia

The first clinical trial to demonstrate that BIS monitoring

reduces intraoperative awareness was the Ekman study [48].

This study compared 4,945 patients under GA with

intubation, muscle relaxation, and BIS monitoring with

7,826 control patients for whom BIS monitoring was not

used. There was a 77 % reduction in the incidence of

awareness in the BIS-monitored group. The incidence of

awareness in the BIS group was 0.04 % compared to 0.18 %

in the control group from previous study. In the B-Aware trial

[49], 2,463 patients who were at high risk of awareness

during anesthesia were randomly allocated to either the BIS

group or to the routine-practice group. BIS-guided anesthe-

sia reduced the risk of awareness by 82 %. With the cost of

routine BIS monitoring at 16 US dollars per use and a number

needed to treat of 138, the cost of preventing one case of

awareness in high-risk patients was about 2,200 US dollars in

this study. By contrast, Avidan et al. [44] were unable to

confirm the ability of BIS monitoring to prevent awareness

during GA in patients with a higher risk of awareness. Two

thousand patients were assigned to BIS-guided anesthesia

(BIS values in the range of 40–60) or to ETAC, the latter of

which was administered within a range of minimum alveolar

concentration (MAC) of 0.7–1.3. Two cases of definite

awareness occurred in each group (absolute difference 0 %).

The investigators concluded that these results did not support

routine BIS monitoring as part of standard anesthesia

practice.

In a large, multicenter, randomized study [45] of 6,041

patients at high risk of awareness who were randomly

assigned to BIS-guided anesthesia (BIS values in the range

of 40–60) or ETAC-guided anesthesia (MAC 0.7–1.3),

seven patients in the BIS group had definite intraoperative

awareness, whereas two patients had definite intraoperative

awareness in the ETAC group. Possible awareness was

ascribed to 19 patients and eight patients, respectively, in

the BIS and ETAC groups. Total definite and possible

awareness was 0.47 % in all patients. Thus, BIS-guided

anesthesia was not superior to ETAC-guided anesthesia

with respect to awareness. However, 41 % of cases of

awareness occurred when ETAC and BIS were within the

study protocol’s target ranges; therefore, intraoperative

awareness was not preventable with either monitoring

method. ETAC is a measure of volatile drug concentration

and does not measure the response of the brain to the

anesthetic dose. Volatile anesthetics were used in the

control group, but quite often, such as during cardiac sur-

gery, anesthesia had been maintained by total intravenous

anesthesia (TIVA). Under these circumstances, one cannot

use ETAC for anesthesia depth control, and TIVA alone

can be a risk for AWR [50, 51]. In 5,000 surgical patients

who underwent TIVA [52], BIS monitoring reduced the

incidence of awareness compared to the control group

(0.14 % vs. 0.65 %, respectively). In an unselected popu-

lation of 21,000 patients [46••] subjects were randomized

to a BIS-guided group or a MAC-guided group. There was

no difference between the BIS-guided and MAC-guided
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groups with respect to incidences of definite awareness.

However, according to post hoc analyses, BIS monitoring

was associated with a 4.7-fold reduction in definite or

possible awareness events compared to routine care. All of

the published studies of BIS monitoring to prevent AWR

are shown in Table 1.

The clinical and cost effectiveness of the three monitors

of general anesthetic depth, the BIS Monitor, E-Entropy,

and Narcotrend, were evaluated in a recent report [2•],

which compared these technologies with standard clinical

monitoring during GA. Twenty-two randomized controlled

trials were included in this systematic review of patients’

risk of short-term anesthesia-related complications and the

risk of experiencing intraoperative awareness. Evidence of

the impact of the monitors on reducing intraoperative

awareness was limited, due to the lack of clinical effec-

tiveness data for the E-Entropy and Narcotrend monitors.

However, reductions in anesthetic consumption and

recovery time were associated with the use of these mon-

itors. For the BIS Monitor, six studies in which patients

were classified as having risk factors for intraoperative

awareness were included, and the overall pooled odds ratio

for BIS monitoring to reduce awareness was 0.45 (95 %

confidence interval, 0.25–0.81). The cost effectiveness of

DoA monitors as measured by quality-adjusted life-years

ranged from 8,033 to 44,198 British pounds sterling for the

Narcotrend and BIS monitors, respectively, and appeared

to be highly dependent upon a number of factors, in par-

ticular, the probability of awareness.

In conclusion, the results of various studies that measured

the ability of BIS monitoring to guide the level of anesthesia

and to prevent awareness are contradictory. BIS monitoring

appears to be useful for patients who have a high risk of

awareness and under TIVA [49, 52], but a study that used

ETAC-guided anesthesia with volatile anesthetics did not

support the utility of BIS monitoring [44, 45, 46••]. In

addition, all studies of BIS monitoring thus far have been

underpowered. If the incidence of awareness is 0.01 % and

BIS monitoring produces a 50 % reduction in incidence,

almost 41,000 patients would need to be included in a pro-

spective randomized trial. The Långsjö et al. [10••] study was

the first to reveal that not only cortical brain structures, but

also deep subcortical structures, are involved in human

consciousness and arousal. This may be one reason why BIS

monitoring, which is based on cortex EEG signals, fails in the

prevention of awareness during anesthesia.

Guidelines to Prevent AWR

The incidence of AWR is estimated to be approximately

0.1–0.4 % [53, 54] or 1–2 per 1,000 GA administered.

Table 1 Bispectral index studies to prevent AWR during general anesthesia

Study Protocol, population Incidence of definite AWR

Ekman et al. [48] BIS-guided GA (n = 4945) vs. historic control group BIS group 0.04 %

Control group 0.18 %

(BIS not used n = 7826) 77 % reduction in AWR

Myles et al. [49] High risk of AWR (n = 2463) BIS group 0.17 %

BIS-guided vs. routine practice Routine group 0.91 %

82 % reduction in AWR

Avidan et al. [44] High risk of AWR (n = 2000) 0.21 % in each group

BIS-guided vs. ETAC group Absolute difference 0 %

Avidan et al. [45] High risk of AWR (n = 6041) BIS group 0.24 %

BIS-guided vs. ETAC group ETAC group 0.07 %

More AWR cases in BIS group

Zhang et al. [52] Total intravenous anesthesia BIS group 0.14 %

TIVA (n = 5228) Control group 0.65 %

BIS–guided TIVA vs. control group 78 % reduction in AWR

Mashour et al. [46••] Unselected surgical patients (n = 2000) BIS group 0.05 %

MAC group 0.12 %

BIS-guided vs. MAC group No difference in AWR

BIS group 4.7 fold

Reduction in AWR

(post hoc analyses)

AWR awareness with recall, BIS bispectral Index, GA general anesthesia, ETAC end tidal anesthetic concentration, TIVA total intravenous

anesthesia, MAC minimal alveolar concentration
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During a recent national survey to estimate the incidence of

AWR [55••], the estimated incidence of awareness was

lower with this methodology (1:15,000) than previously

reported in prospective clinical trials. In the recent study

[56••] by Aranake et al., surgical patients with a history of

AWR were five times more likely to experience AWR than

similar patients without a history of AWR. The American

Society of Anesthesiologists (ASA) has published

descriptions of conditions that increase the risk of aware-

ness during GA and guidelines to prevent intraoperative

recall [50]. They recommend the use of EEG-based mon-

itors of hypnosis (e.g., the BIS Monitor and E-Entropy) to

reduce intraoperative awareness in high-risk patients

(Table 2). The recent healthcare guidelines released by the

National Institute for Health and Care Excellence (NICE)

in the United Kingdom recommended the use of EEG-

based DoA monitors during general anesthesia [57••, 58].

They recommended the BIS, E-Entropy, and Narcotrend

monitors as options for patients receiving TIVA and for

patients who are considered at higher risk of adverse out-

comes during any type of GA. This includes patients who

are at higher risk of unintended awareness and patients who

are at higher risk of excessively deep anesthesia, including

older patients, patients with liver disease, patients with a

high body mass index, and patients with poor cardiovas-

cular function.

BIS Monitoring and Postoperative Outcomes

A couple of studies have reported an association between a

too-deep state of anesthesia and poor postoperative, long-

term outcomes. In a study by Monk et al. [59], an associ-

ation between deep cumulative anesthesia and increased

1-y mortality was reported for non-cardiac surgery patients.

In that study, 1-year mortality was 5.5 % in all patients

(n = 1,064) and 10.3 % in patients C65 years (n = 243).

Significant, independent predictors of mortality were

patient comorbidity, intraoperative systolic hypotension,

and cumulative deep hypnotic time (BIS values of\45). In

4,086 patients with malignant disease who were monitored

by BIS during surgery, 2-year mortality was associated

with low BIS values (BIS values of \45); low BIS values

were also a significant predictor of 1-year and 2-year

mortality in this patient group [60]. In this study, when the

initial multivariate regression analysis was repeated using

pre-existing malignancy status among the covariates in the

model, the previously significant relationship between

1-year and 2-year mortality and BIS values of\45 did not

reach statistical significance. An association between the

duration of low BIS values (BIS values of \45) and

intermediate-term mortality was also found in 460 cardiac

surgery patients [61]. The effect of BIS monitoring on

long-term survival in the 2,463 patients included in the

B-Aware trial was published by Leslie et al. [62]. The

median follow-up time was 4.1 years, and the primary

endpoint of the study was survival. The secondary objec-

tives were incidences of myocardial infarction and stroke.

There was no difference between the BIS group and the

standard anesthesia care group with respect to risk of death.

However, the hazard ratio for death was higher in patients

with deep anesthesia (BIS values of \40 for more than

5 min) compared to other BIS-monitored patients. In

addition, the odds ratios for myocardial infarction and

stroke were higher in this patient group. The results of

these studies [59–62] suggest that anesthesia management

may have an effect on morbidity and mortality; however,

these were observational studies, and the relationship

between the level of anesthesia and patient outcome

remains an open question [4].

Limitations of EEG-Based Monitoring of Hypnosis

Artifacts from the operating room environment, where

there are other electrical devices, such as diathermy

instruments and pacemakers, can contaminate EEG signals.

Table 2 The conditions with risk of awareness during general

anesthesia (data adapted from [50])

Major risks

Caesarean section under general anesthesia

Long term use of benzodiazepines, opioids and anticonvulsant

agents

History of awareness

Difficult intubation

Heavy alcohol intake

Acute trauma

High risk cardiac surgery (EF \ 40 %)

Off-pump cardiac surgery

Trauma with hypovolemia

ASA physical status IV or V

Severe aortic stenosis

Pulmonary hypertension

Minor risk

COPD

Preoperative use of b-blockers

TIVA

Low exercise tolerance (no musculoskeletal dysfunction)

Smoking of two or more packs of cigarettes per day

Obesity (BMI [30)

EF ejection fraction, ASA American Society of Anesthesiologists,

COPD chronic obstructive pulmonary disease, TIVA total intravenous

anesthesia, BMI body mass index
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Artifacts and poor signal quality may be sources of unre-

liable BIS values. During BIS monitoring for the assess-

ment of hypnosis, various conditions, such as hypothermia,

hypovolemia, and neurological disorders, could cause

changes in the EEG signal such that it would indicate an

incorrect hypnotic state [63]. The level of muscular block

and EMG activity should also be taken into account during

monitoring. Many studies have shown that the level of

muscular block can interfere with the values of EEG-based

monitoring [64, 65].

BIS monitoring may not perform reliably with all

anesthetics. The use of nitrous oxide has no impact on BIS

values [66] and entropy indices [67]. In addition, ketamine

use does not change the bispectral index [68] and poor

performance of spectral entropy monitoring during S-ket-

amine anesthesia was detected [69]. In the large group of

1,100 patients who participated in the B-Unaware trial, the

relationship between ETAC and BIS values during main-

tenance of anesthesia was examined [70]. In this study, BIS

values frequently correlated poorly with ETAC values and

were often insensitive to changes in inhalation anesthetic

concentrations. In a study by Kaskinoro et al. [71], spectral

entropy and BIS values were tested to differentiate con-

sciousness from unconsciousness during increasing doses

of three different anesthetic agents: dexmedetomidine,

propofol, and sevoflurane. Because of wide inter-individual

variability, BIS and entropy monitoring were not able to

reliably differentiate consciousness from unconsciousness

during and after stepwise increasing concentrations of

these anesthetics. The dose–response curve of anesthetic

drugs and depth-of-anesthesia indices are sigmoidal, with a

pharmacodynamic plateau near the value of 40; this means

that below this value, BIS monitoring is not sensitive to

changes in anesthetic drug concentrations [72].

Conclusions and Future Perspectives

In large clinical studies, BIS monitoring failed to prevent

AWR during general anesthesia and also failed to reduce

intraoperative drug consumption compared to ETAC

monitoring [44, 45, 46••]. According to recent studies [10••,

11••] of the mechanism of consciousness during general

anesthesia, the subcortical structure of the human brain and

information connectivity between the frontal and parietal

cortices are involved during emergence from anesthesia.

EEG-based DoA monitors that use only a frontal EEG

montage for signal analyses are probably unable to detect

these changes; thus, they may fail to reduce intraoperative

awareness. In spite of some remaining ambiguity, the

results of a few studies, as well as the existing literature as

a whole, suggest that the level of hypnosis during general

anesthesia, at least in patients with a high risk of awareness

and adverse outcomes during any type of GA, and during

TIVA, should be monitored by EEG-based systems [50,

57••].

In the future, EEG-based monitors should include more

EEG channels, such as those in the occipital area and both

brain hemispheres. Algorithms that include the blood

concentration of anesthetics should also be incorporated

into DoA monitors, as well as better EMG filtering. The

development of monitors that use a combination of infor-

mation from EEG and, for example, AEPs, should be

considered, because BIS monitoring only measures cortical

function, (hypnotic state), whereas AEPs monitoring pro-

vides information about the function of the brainstem as

well as the subcortical and cortical components [73–75]. In

daily clinical practice, by using EEG-based monitoring to

measure the hypnotic level of anesthesia, anesthesiologists

should be able improve patient care, recovery, and outcome

by keeping the depth of anesthesia stable, avoiding

excessively deep levels of hypnosis, and reducing the

incidence of perioperative awareness. The anesthetists who

assess the depth of hypnosis should analyze information

not only from EEG-based monitors, but also from hemo-

dynamic signs like blood pressure and pulse frequency, and

should also interpret the raw EEG waveform seen on the

anesthesia monitor to check for signs such as the easy-to-

interpret burst-suppression pattern in the EEG. EEG-based

monitoring will also help clinicians and anesthesiology

residents to understand more fully the effect of anesthetic

activity on patients and the relationship between different

aspects of anesthesia (e.g., hypnosis, antinociception, and

immobility).
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