
CHAPTER 2

Effects of Anesthetic Agents on 
Processed Electroencephalography
Ahmet Rıdvan Doğan 1

2.1. Introduction

Processed ﻿electroencephalography (pEEG) allows the direct and dynamic 
monitoring of the effects of anesthetic agents on the central nervous system. 
Agents with different pharmacologic profiles produce characteristic EEG patterns 
that can be distinguished in clinical practice through pEEG monitoring. Thus, 
pEEG is not only valuable for assessing the depth of ﻿anesthesia but also for 
identifying the specific neurophysiological effects of the agents used [1].

Agents acting via GABA-A receptors (e.g., ﻿propofol, barbiturates, 
etomidate) typically induce EEG changes characterized by increased alpha and 
delta band activity, while high doses result in burst-suppression patterns [2]. 
In contrast, ﻿ketamine, an NMDA receptor antagonist, is distinguished by a 
pronounced increase in gamma band activity [3]. Volatile anesthetics produce 
dose-dependent spectral changes; slow-wave activity predominates at low 
concentrations, whereas high concentrations lead to burst-suppression [2]. Table 
2.1 summarizes the effects of different anesthetic agents on ion channels and 
receptor systems, providing a framework for understanding these EEG patterns.

In this section, the effects of anesthetic agents on pEEG will be discussed 
according to their pharmacological classes. Each agent’s characteristic EEG 
signatures and clinical implications will be illustrated with figures. The aim 
is to provide the reader with a practical understanding of how pEEG can be 
interpreted throughout the anesthetic process—from agent selection to dose 
titration (Table 2.1).
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Table 2.1. Ion channel and receptor-level effects of different anesthetic agents.
Anesthetic 
Agent GABA-A NMDA Potassium 

Channels Glycine Nicotinic 
ACh

Muscarinic 
ACh Serotonin AMPA Kainate

Twin-
pore

Inward-
rectifier

Voltage-
gated

Barbiturate ↑↑↑ ↓ ↓ ↑ ↓↓↓ ↓ ↓↓↓

Propofol ↑↑↑ ↓ ↓ ↑↑↑ ↓ ↓

Etomidate ↑↑↑ ↑↑↑ ↓ ↑ ↓ ↓

Ketamine ↑ ↓↓↓ ↓ ↓ ↓↓↓ ↑
Nitrous 
oxide ↑ ↓↓↓ ↑↑↑ ↑ ↑ ↓↓↓ ↓ ↓↓↓

Isoflurane ↑↑↑ ↓ ↑↑↑ ↓↓↓ ↓ ↑↑↑ ↓ ↓ ↑↑↑

Sevoflurane ↑↑↑ ↓↓↓ ↑ ↓ ↑↑↑ ↓ ↓ ↓↓↓

Desflurane ↑↑↑ ↓↓↓ ↑ ↓↓↓ ↓↑

↑↑↑: Major potentiation  ↑: Minor potentiation  ↓↓↓: Major inhibition  ↓: Minor inhibition

Note. GABA-A: Gamma-aminobutyric acid type A; NMDA: N-methyl-D-aspartate; ACh: Acetylcholine; 
AMPA: Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid. Adapted from Alkire MT, Hudetz 
AG, Tononi G. Science. 2008;322(5903):876–80.

2.2. Sevoflurane and Desflurane

Sevoflurane and desflurane exert their primary inhibitory effects through 
GABA-A receptors and potassium channels, while also demonstrating 
antagonistic properties at NMDA receptors [4]. The EEG patterns produced 
by these agents vary characteristically with increasing concentrations.

At sub-MAC levels, both agents generate prominent alpha (8–12 Hz) and 
slow-delta (0.1–4 Hz) activity in the ﻿frontal EEG [2]. These patterns resemble 
the anteriorized frontal alpha observed under ﻿propofol and are typically recorded 
during the stable surgical phase of ﻿anesthesia (Figure 2.1).
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Figure 2.1. Spectral power distributions of EEG at sub-MAC levels of ﻿sevoflurane 
(upper panel) and desflurane (lower panel)

Note. Both agents produce prominent frontal alpha (8–12 Hz) and slow-delta (0.1–4 Hz) patterns at 
low concentrations, with theta (4–7 Hz) band activity emerging as concentrations increase. Adapted 
from Purdon PL, Sampson A, Pavone KJ, Brown EN. Anesthesiology. 2015;123(4):937–60.

At 1.0 MAC and higher concentrations, theta (4–7 Hz) activity becomes 
more pronounced (Figure 2.2), resulting in a more homogeneous spectral 
distribution between delta and alpha bands. This “filled-in” pattern has been 
described as a hallmark feature of ﻿volatile anesthetics and reflects a stable depth 
of ﻿surgical ﻿anesthesia.
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Figure 2.2. Spectral power distribution of EEG at 1.0 MAC ﻿sevoflurane 
concentration

Note. At this level, prominent frontal alpha (8–12 Hz) and delta (0.1–4 Hz) activity is observed, with 
additional theta (4–7 Hz) power that “fills” the spectrum. Adapted from Purdon PL, Sampson A, 
Pavone KJ, Brown EN. Anesthesiology. 2015;123(4):937–60.

At high concentrations, both ﻿sevoflurane and desflurane induce a burst-
suppression pattern in the EEG (Figure 2.3). This pattern can appear at lower 
concentrations in elderly patients or in those with reduced cerebral reserve [5].

Figure 2.3. Examples of burst-suppression and maintenance periods in EEG during 
﻿general ﻿anesthesia

Note. The upper panel shows ﻿raw ﻿EEG waveforms; the lower panel shows spectral power density. Burst-
suppression is characterized by transitions between high-voltage activity and near-isoelectric periods, 
while maintenance shows more regular ﻿rhythmic activity. Adapted from Pawar N, Barreto Chang OL. 
Front Syst Neurosci. 2022;15:767489.

During emergence from ﻿anesthesia, theta waves disappear first, followed by 
reductions in alpha and delta power. In their place, increasing beta and gamma 
frequencies are observed [6]. This transformation produces a characteristic 
pattern on ﻿spectral analysis known as the “crocodile mouth” (Figure 2.4).
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Figure 2.4. “Crocodile mouth” pattern observed during emergence from ﻿general 
﻿anesthesia

Note. Theta (4–7 Hz) activity disappears, alpha (8–12 Hz) and delta (0.1–4 Hz) activities gradually 
diminish, and beta–gamma frequencies increase, producing an upward-opening pattern on the 
spectrogram. Adapted from Lipp M, Schneider G, Kreuzer M, et al. J Clin Monit Comput. 
2024;38:603–12.

The EEG patterns described under ﻿sevoflurane and desflurane also carry 
clinical implications. The transition pathways observed during emergence have 
been linked to postoperative ﻿delirium and cognitive complications. Moreover, 
excessive EEG suppression or burst-suppression at low concentrations—
particularly in elderly or ﻿high-risk patients—has been associated with 
postoperative complications [7].

2.3. Propofol

Propofol is currently the most widely used intravenous hypnotic agent 
and exerts its effects primarily through postsynaptic activation of GABA-A 
receptors. This mechanism enhances inhibitory neurotransmission, leads 
to hyperpolarization of postsynaptic neurons, and produces characteristic 
alterations in cortico-thalamic communication patterns [8].

At sedative doses, the EEG typically exhibits regular beta–gamma (13–30 
Hz) oscillations [2]. This phenomenon is sometimes associated with paradoxical 
excitation; at low doses, ﻿propofol may transiently increase cortical excitatory 
inputs due to inhibition of inhibitory circuits (Figure 2.5).
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Figure 2.5. EEG during ﻿propofol ﻿sedation

Note. At this level, both slow-delta (0.1–4 Hz) and alpha–beta (8–22 Hz) oscillations are observed 
simultaneously. The lower panel shows a 10-second EEG trace from the same period. Adapted from 
Purdon PL, Sampson A, Pavone KJ, Brown EN. Anesthesiology. 2015;123(4):937–60.

At the level of ﻿loss of consciousness and ﻿surgical ﻿anesthesia, EEG typically 
displays coupled frontal alpha (8–12 Hz) and slow-delta (0.1–4 Hz) oscillations 
(Figure 2.6). This pattern, termed frontal alpha–delta coupling, is characteristic 
of ﻿propofol ﻿anesthesia. During this phase, the ﻿alpha band activity in the frontal 
region is intense and highly coherent, whereas slow-﻿delta activity is irregular and 
less coherent [2]. Together, these features reflect disrupted cortico-thalamic and 
cortico-cortical communication and sustained unconsciousness.

Figure 2.6. The spectrogram shows increased power in alpha and delta bands

Note. The lower panels depict pronounced slow-delta waves at minute 6 and high-coherence frontal ﻿alpha 
activity at minute 24. Adapted from Purdon PL, Sampson A, Pavone KJ, Brown EN. Anesthesiology. 
2015;123(4):937–60.
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During ﻿deep ﻿anesthesia, slow-delta and alpha patterns become dominant, 
and excessive dosing produces burst-suppression (Figure 2.7). This phenomenon, 
particularly in elderly patients, can occur at lower doses and has been associated 
with postoperative cognitive complications. [5].

Figure 2.7. EEG during ﻿deep ﻿anesthesia with ﻿propofol

Note. The spectrogram shows dominant alpha (8–12 Hz) and slow-delta (0.1–4 Hz) patterns, with 
burst-suppression emerging at high doses. The lower panels illustrate slow-delta waves at minute 7 and 
a typical burst-suppression pattern at minute 11. Adapted from Purdon PL, Sampson A, Pavone KJ, 
Brown EN. Anesthesiology. 2015;123(4):937–60.

During emergence, slow-delta and alpha oscillations gradually fade, and 
the EEG shifts toward faster beta–gamma frequencies [6]. This transition 
corresponds to the “zipper opening” pattern in ﻿spectral analysis (Figure 2.8). 
Simultaneously, anteriorization reversal occurs—the ﻿alpha activity moves from 
the frontal to the occipital regions.

Figure 2.8. “Zipper opening” pattern observed during emergence from ﻿propofol 
﻿anesthesia

Note. During this process, alpha and delta activities progressively diminish, giving way to beta and 
higher ﻿frequency bands. Adapted from Lipp M, Schneider G, Kreuzer M, et al. J Clin Monit Comput. 
2024;38:603–12.
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The EEG patterns observed under ﻿propofol not only reflect its pharmacologic 
effects but also provide reliable markers for ﻿anesthetic depth titration in pEEG 
monitoring [9]. Frontal alpha–delta coupling is indicative of ﻿surgical ﻿anesthesia, 
whereas burst-suppression signifies overdose and reduced cerebral reserve. 
Therefore, interpreting pEEG under ﻿propofol has substantial clinical value in 
avoiding excessive depth and ensuring safe emergence from ﻿anesthesia.

2.4. Ketamine

Ketamine, unlike classical intravenous hypnotics, primarily acts through 
antagonism of NMDA receptors. However, additional effects on GABA-A 
receptors and various ion channels have also been reported. Through these 
pharmacological actions, ﻿ketamine inhibits cortico-thalamic pathways while 
enhancing limbic system activity, producing the characteristic dissociative 
﻿anesthesia [4].

The effects of ﻿ketamine on EEG are markedly distinct from those of 
other anesthetics. At low to moderate doses, EEG demonstrates increased 
high-﻿frequency beta (15–30 Hz) and gamma (>30 Hz) activity (Figure 2.9). 
This reflects one of the excitatory properties of ﻿ketamine and represents the 
electrophysiological correlate of dissociative ﻿anesthesia. During induction, a 
transient increase in beta activity is typically followed by enhanced theta (4–7 
Hz) and delta (0.1–4 Hz) waves [2].

Figure 2.9. EEG during ﻿ketamine ﻿sedation

Note. The spectrogram shows increased beta (15–30 Hz) and gamma (>30 Hz) oscillations. The lower 
panel displays a 10-second EEG trace recorded at minute 5. Adapted from Purdon PL, Sampson A, 
Pavone KJ, Brown EN. Anesthesiology. 2015;123(4):937–60.
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At moderate to high doses, this high-﻿frequency activity gradually diminishes 
and is replaced by dominance of slow-wave activity. At this stage, repetitive 
rhythmic slow waves lasting 3–4 seconds may be observed [10]. At even higher 
concentrations, burst-suppression can occur; however, it is generally less 
pronounced than with ﻿propofol or volatile agents.

Another notable feature of ﻿ketamine is its ability to alter EEG patterns when 
combined with ﻿propofol or ﻿volatile anesthetics. In such combinations, the ﻿alpha 
band is suppressed, while high-﻿frequency beta–﻿gamma activity becomes more 
prominent (Figure 2.10). This produces an effect opposite to the frontal alpha–
delta pattern of ﻿propofol and highlights the importance of using EEG to guide 
﻿ketamine titration in ﻿total intravenous ﻿anesthesia (TIVA) techniques [1,11].

Figure 2.10. Effect of ﻿ketamine administration on EEG and BIS

Note. During stable GABAergic ﻿anesthesia, administration of an analgesic dose of ﻿ketamine (0.5 mg/
kg) increased high-﻿frequency activity and raised the BIS value from 40 to 61. Adapted from Bennett 
C, Voss LJ, Barnard JP, Sleigh JW. Anesth Analg. 2009;109(2):539–50.

Clinically, the distinctive EEG hallmark of ﻿ketamine is its “active pattern”—
high-﻿frequency oscillations consistent with increased cerebral metabolism and 
blood flow [12]. This feature differentiates it from the suppressive EEG profiles 
seen with ﻿propofol or ﻿sevoflurane. However, at very high doses, dominant slow-
﻿delta activity and burst-suppression may indicate overdose.

The unique EEG characteristics of ﻿ketamine can limit the reliability of 
﻿processed EEG indices such as BIS or ﻿PSI. The high-﻿frequency beta–﻿gamma 
activity and “active pattern” may be misinterpreted by algorithms as superficial 
﻿anesthesia or even ﻿wakefulness [13]. Therefore, in patients receiving ﻿ketamine, 
index values should be interpreted in conjunction with clinical observations and 
physiological parameters. Caution is essential when interpreting pEEG during 
﻿ketamine use, and ﻿anesthetic depth decisions should not rely solely on index 
values.
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2.5. Opioids

Opioids are fundamental agents for providing ﻿analgesia during ﻿general 
﻿anesthesia; however, their effects on EEG are less pronounced compared to 
hypnotic agents [1]. When administered alone, opioids generally produce 
minor changes in low-﻿amplitude, high-﻿frequency activity, which are not reliable 
indicators of ﻿anesthetic depth. At low and moderate doses, EEG alterations are 
minimal, whereas high doses may increase slow-wave activity (Figure 2.11). 
Nevertheless, these patterns are nonspecific and reflect analgesic effects rather 
than true cortical suppression.

Figure 2.11. EEG changes with fentanyl and alfentanil

Note. During ﻿wakefulness, alpha and beta activities are observed; as doses increase, alpha waves 
diminish, followed by the appearance of theta (4–7 Hz) and, at higher levels, delta (0.1–4 Hz) activity. 
Adapted from Cott JC, Ponganis KV, Stanski DR. Anesthesiology. 1985;62(3):234–41.

The most notable influence of opioids is observed through ﻿processed 
EEG indices. During remifentanil or fentanyl administration, BIS or entropy 
values may decrease; however, these reductions reflect suppression of responses 
to noxious stimuli rather than genuine hypnotic effects [14]. Therefore, 
interpretation of opioid-related EEG changes must always consider the clinical 
context.

In combination regimens, the role of opioids becomes more pronounced. 
When administered with ﻿propofol, they stabilize frontal alpha–delta patterns; 
when used with ﻿volatile anesthetics, they enable achievement of target ﻿anesthetic 
depth at lower concentrations [14]. Thus, opioids do not directly produce 
distinct EEG patterns but rather modulate the effects of co-administered agents.

In conclusion, the EEG changes induced by opioids are limited and indirect 
compared with hypnotic agents. The primary contribution of pEEG monitoring 
for opioids lies in enabling more reliable evaluation of the effects of other 
anesthetics when used in combination.
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2.6. ﻿Dexmedetomidine

﻿Dexmedetomidine is a selective α2-adrenergic agonist that differs from other 
hypnotics by producing unique EEG patterns [15]. The EEG changes observed 
during dexmedetomidine administration resemble those of physiological 
sleep—particularly stage NREM II sleep (Figure 2.12).

Figure 2.12. ﻿EEG waveforms during dexmedetomidine ﻿sedation and physiological 
sleep

Note. The upper panels show spindle activities in subjects receiving dexmedetomidine, while the lower 
panels display spindle activity recorded during natural sleep. Adapted from Huupponen E, Maksimow 
A, Lapinlampi P, et al. Acta Anaesthesiol Scand. 2008;52:289–94.

At low to moderate doses, prominent spindle (12–15 Hz) and slow-delta 
(0.1–4 Hz) waves appear in the EEG (Figure 2.13). During this phase, cerebral 
activity closely resembles the K-complexes and slow-wave patterns seen in 
natural sleep [2].

Figure 2.13. EEG during dexmedetomidine ﻿sedation

Note. The spectrogram demonstrates pronounced spindle activity. In the lower panel, EEG recorded at 
minute 60 shows typical spindle patterns. Adapted from Purdon PL, Sampson A, Pavone KJ, Brown 
EN. Anesthesiology. 2015;123(4):937–60.
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At higher doses, synchronized slow waves dominate the EEG; however, 
burst-suppression typically does not occur (Figure 2.14). In this respect, 
dexmedetomidine differs from ﻿propofol and volatile agents.

Figure 2.14. EEG during high-dose dexmedetomidine ﻿sedation

Note. The spectrogram shows prominent synchronized slow-wave activity. The lower panel presents 
high-﻿amplitude slow waves recorded at minute 60. Adapted from Purdon PL, Sampson A, Pavone KJ, 
Brown EN. Anesthesiology. 2015;123(4):937–60.

Clinically, dexmedetomidine produces ﻿sedation while preserving a degree 
of cortical communication, despite achieving hypnotic effects [2]. Therefore, 
pEEG patterns under dexmedetomidine reflect a sleep-like state rather than true 
﻿anesthetic depth. In pEEG monitoring, low BIS or ﻿PSI values may be observed 
during dexmedetomidine ﻿sedation; however, these do not necessarily represent 
surgical levels of ﻿hypnosis [16].
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