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Anesthesiologists and intensivists rely on real-time phys-
iologic monitoring to supplement the physical exam-

ination and guide vital management decisions in critically 
ill patients. Hemodynamic management integrates infor-
mation from the electrocardiogram, echocardiogram, and 
various pressure waveforms such as arterial blood pressure, 
central venous pressure, and pulmonary artery pressure. 

Respiratory management integrates information from pulse 
oximetry, gas analysis, and ventilator settings and measure-
ments. Similarly, frontal electroencephalography (EEG) can 
supplement the neurologic examination to more accurately 
characterize states of sedation and unconsciousness, and 
guide management for the critically ill patient.

Although frontal EEG has been used for decades to 
titrate anesthetics during surgery, clinical use of the EEG in 
the intensive care unit (ICU) has been mostly limited to full 
scalp montages, focusing primarily on neurologic diagnoses 
(e.g., ictal–interictal state, metabolic–toxic pattern, localized 
structural changes), therapeutic management (e.g., status epi-
lepticus), and recovery prognostication (e.g., hypoxic brain 
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ABSTRACT 
The electroencephalogram (EEG) offers physicians a window into their 
patients’ neurologic and broader physiologic states. Frontal EEG interpreta-
tion is emerging as a core competency for anesthesiologists and intensivists. 
Part 1 of this series reviewed the basics of frontal EEG, including relevant 
biophysics, neuroanatomy, and anesthetic-mediated frontal EEG signatures of 
sedation and unconsciousness. In part 2, the authors outline a set of physi-
ologic signatures that integrate the basics of EEG interpretation presented in 
part 1 with the systemic pathophysiology commonly seen in critical illness. 
They organize these signatures into a systematic framework to facilitate use 
of frontal EEG monitoring in the active management of critically ill patients. 
Finally, the authors use case examples to illustrate how the signatures and 
framework can guide patient-specific management.
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injury, traumatic brain injury). Accumulating evidence sug-
gests that frontal EEG monitoring in the ICU, similar to 
what is used in the operating room, can guide management 
of critically ill patients in settings other than neurocritical 
care. This was supported by a recent international expert 
panel consensus article stating that frontal EEG monitor-
ing competencies should be required by every category of 
intensivist and be made an integral component of postgrad-
uate training programs in critical care, and that new EEG 
learning resources specific to the ICU are needed.1

This article is intended to help fill the gap in EEG 
education for anesthesiologists and intensivists caring for 
critically ill patients in the operating room and ICU. We 
first present a set of physiologic signatures relevant during 
critical illness to complement the basic anesthetic signa-
tures introduced in part 1 of this series.2 These signatures 
are then organized into an active management algorithm 
that uses frontal EEG to guide sedation, accelerate diagnosis, 
and inform therapeutic decisions at the bedside. In addition 
to assessing the effects of anesthetics on patients’ levels of 
unconsciousness, frontal EEG is integrated into the broader 
scope of critical care, accounting for the common physio-
logic derangements and pathologies of critical illness.

The article is also intended to facilitate communica-
tion and collaboration with neuro-specialists by improving 
the non–neuro-specialist’s understanding of frontal EEG. 
Readers are referred to excellent articles reviewing full 
scalp EEG and its use in neurocritical care, including for 
prognostication of neurologic outcomes.3–6 The article does 
not review the physics of the EEG or the signatures of com-
mon anesthetics. For this, we encourage the reader to revisit 
part 1 of this series.2 To maximize clinical relevance for the 
acute care physician, this article focuses on frontal EEG sig-
nals acquired and displayed on processed EEG devices.7

We first define physiologic signatures of brain states as 
manifest in the frontal EEG. We next present a management 
framework for interpreting the frontal EEG in the con-
text of critical illness. Finally, we illustrate application of the 
framework with three case examples.

Methods
To illustrate certain physiologic principles and the EEG-guided 
management algorithm, we present cases from our institution. 
The data were recorded following a protocol approved by the 
Massachusetts General Hospital Human Studies Committee, 
using the Sedline monitor (Masimo Corporation, USA).

The Sedline electrodes approximate positions Fp1, Fp2, 
F7, and F8 according to the 10-20 system, referenced to 
an electrode 1 cm posterior to Fpz.8 The impedances for 
all channels were less than 5 kΩ. Frontal EEG data were 
imported into Matlab (The MathWorks Inc., USA) and 
Python (Python Software Foundation, USA) for analy-
sis. Preprocessing using the scipy.signal package in Python 
included a 60-Hz infinite impulse response notch fil-
ter; a 50-Hz, second-order Butterworth low-pass filter; 

and a 0.5-Hz, second-order Butterworth high-pass filter. 
Channels were then re-referenced to a bipolar montage, 
and the Fp1 to F8 channel was selected for visualization. 
Multitaper spectra and spectrograms were computed in 
Matlab using the Chronux toolbox. We used 2-s windows, 
0.2-s overlap between adjacent windows, and three tapers 
based on a time bandwidth product of 2.9,10 We use the 
term oscillations to describe the periodic components of the 
raw EEG signal at different frequencies.

We display the EEG power as a function of time using 
color-scaled spectrograms (also referred to as density spec-
tral arrays), using the jet color map in Matlab. Power is rep-
resented in decibels, defined as 10 times the log base 10 of 
the squared amplitude of a given EEG frequency compo-
nent. EEG power can differ by orders of magnitude across 
frequencies. Therefore, using logarithms makes it easier to 
visualize the complete range of frequencies in a signal on 
the same scale.

Physiologic Signatures

Cortical Rhythm Abnormalities

When starting to look at frontal EEG waveforms, it can be 
helpful to draw some analogies with the electrocardiogram. 
A normal electrocardiogram waveform is characterized by 
periodically occurring discharges (P waves, QRS com-
plexes, T waves), and clinicians are trained to identify devi-
ations from this expected normal signature. Cardiac rhythm 
abnormalities (e.g., ventricular fibrillation) and impairments 
in cardiac oxygen delivery (e.g., ST-segment elevation) 
have well-described signatures on the electrocardiogram, 
and their identification is crucial to guide management. 
Similarly, cortical rhythm abnormalities and impaired cere-
bral oxygen delivery exhibit signatures on the EEG (fig. 1).

Periodic discharges are a common form of cortical 
rhythm abnormality seen during critical illness that is often 
on the ictal–interictal continuum (IIC).11,12 Although a 
detailed description of the IIC in critical care is beyond the 
scope of this article, we note that the frequency of occur-
rence, localization, and sharpness are important features to 
determine the seizure risk of rhythmic and periodic pat-
terns.13,14 If periodic discharges or spike-wave patterns occur 
at a rate greater than 2.5 Hz, i.e., more than 25 discharges 
in a 10-s window, a seizure or status epilepticus should be 
suspected.4 If they occur 11 to 25 times per 10 s, then they 
fall into the IIC. If their occurrence is less frequent, i.e., 5 to 
10 times per 10 s, but the discharges look more suspicious 
for an epilepsy-typical signal (e.g., sharpness), then they still 
fall within the IIC. In general, suspected seizures, status epi-
lepticus, or new-onset cortical periodic discharges within 
the IIC should prompt a neurologic consultation and a full-
scalp EEG to diagnose the disorder and initiate appropriate 
treatment.14,15 Rapid recognition of seizures and periodic 
discharges requires practice reading representative examples 
and common artifacts. For this, readers are referred to the 
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raw EEG tracings published by Sharma et al.14 and the spec-
trograms published by Amorim et al.16

Analogous to the electrocardiogram changes related to 
impaired cardiac delivery of oxygen, there are EEG changes 
related to impaired cerebral delivery of oxygen (CDO

2
). 

Whereas the electrocardiogram may show T-wave flat-
tening, T-wave inversions, ST-segment depressions, and 
ST-segment elevations, the EEG exhibits signs of reduced 
neuronal activity: progressive shift of power to lower fre-
quencies (fig. 2B vs. fig. 2C); power loss across all frequencies 
(fig. 2C vs. fig. 2D); and burst suppression (fig. 2E), which is 

characterized by intervals of low frequency and typically 
low-amplitude oscillations (bursts), alternating with periods 
of suppression (amplitude less than 10 μV).4,17–19 Persistent 
cerebral ischemia and hypoxia can also cause periodic 
discharges and seizures during the process of progressive 
neuronal death (e.g., after cardiac arrest), which eventually 
terminates in a state of electrocerebral inactivity (ampli-
tude 2 µV or less, previously termed isoelectricity).20–22 
As we note later, impaired CDO

2
 can mimic deepening 

pharmacologic sedation on the frontal EEG, and the two 
must be disentangled to guide management appropriately. 
Furthermore, although frontal EEG can suggest seizures or 
impaired CDO

2
, its sensitivity for detecting these condi-

tions is limited by the frontal EEG montage.23,24 For exam-
ple, focal temporal lobe seizures or occipital strokes may 
not exhibit any signs on a frontal EEG signal. Whenever 
neurologic pathology is suspected, frontal EEG can serve as 
a bedside tool but should be followed up with neurology 
consultation and more sensitive diagnostic testing such as 
full scalp EEG and appropriate imaging studies.

Beta and Gamma Oscillations. High-frequency beta (13 to 
25 Hz) and gamma (greater than 25 Hz) oscillations are 
usually present in the normal awake brain, and typically 
disappear during the onset of anesthetic-mediated 
unconsciousness.2,25,26 They typically re-emerge during 
arousal, which may occur during emergence from 
sedation and general anesthesia, or in response to sensory 
or noxious stimulation.27,28 One notable exception is the 
persistence of gamma oscillations during ketamine sedation 
due to its complex interactions at N-methyl-d-aspartate 
receptors.29,30 Beta oscillations may also persist in states of 
paradoxical excitation, a state of euphoria or dysphoria with 
movements during sedation at low doses of γ-aminobutyric 
acid–mediated (GABAergic) anesthetics such as propofol.31

Beta and gamma oscillations are readily identifiable in 
frontal EEG tracings and spectrograms as high-frequency, 
low-amplitude signals (fig. 2A). During sedation vacations 
and spontaneous breathing trials in the ICU, the emer-
gence of beta and gamma oscillations signifies an increased 
rate of neuronal activity, which is expected to correlate 
with behavioral responsiveness on the neurologic exam-
ination.32 A physical examination can help distinguish 
whether high-frequency oscillations originate from corti-
cal activity or muscle artifacts (e.g., grimacing) in the non-
paralyzed patient. It is worth noting that visual assessment 
alone may underestimate or fail to detect subtle muscular 
activity. Muscle artifacts can extend to the alpha (8 to 12 
Hz) and theta (4 to 8 Hz) ranges as well, i.e., broadband 
artifact. Conversely, unexpected beta and gamma oscil-
lations observed during neuromuscular blockade should 
prompt increasing the dose of anesthetic to prevent unin-
tended awareness with recall, which can be associated with 
the development of posttraumatic stress disorders.33–36 The 
incidence of awareness with recall during neuromuscular 
blockade is more common in critically ill patients who are 

Fig. 1.  Similar to electrocardiography, electroencephalography 
can help clinicians identify pathologic dysrhythmias and isch-
emia at the bedside in acute care settings. Cortical periodic 
discharges on the electroencephalography resemble premature 
ventricular contractions occurring periodically, whereas seizures 
resemble ventricular tachycardia or fibrillation. Signs of cerebral 
ischemia can also be identified in the electroencephalography. 
Signatures suggestive of ischemia during sedation and general 
anesthesia resemble those of deepening unconsciousness, such 
as a shift of power toward lower frequencies, broadband power 
reduction across all frequencies, burst suppression, and per-
sistent suppression.
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intubated in the emergency room or ICU (1.8 to 7.4%)37–41 
compared to the operating room setting (0.07 to 0.9%).42–44

Alpha Oscillations. Alpha oscillations (8 to 12 Hz) were 
first described by Hans Berger in his seminal 1929 article, 
“Über das Elektrenkephalogramm des Menschen [On the 
Electroencephalogram of Humans],” which launched the field 
of electroencephalography.45 Since then, alpha oscillations have 

consistently featured in the EEG literature due to their presence 
in wakefulness and sleep, cognition, aging, and anesthesia.46

In the nonsedated and well-rested human, alpha oscil-
lations are most prominent in the occipital area during a 
resting, eyes-closed state.26 The onset of behavioral unre-
sponsiveness induced by sedatives such as propofol and 
dexmedetomidine correlates with decreasing occipital 
alpha power.26,27,47 GABAergic sedation (e.g., propofol, 

Fig. 2.  Common frontal electroencephalography signatures during γ-aminobutyric acid–mediated sedation, and the associated trend in 
cerebral metabolic rate of oxygen (CMRO2). A black rectangle on each spectrogram denotes the time window that is shown in the adja-
cent raw electroencephalography tracing. Progression from A through E during sedation or general anesthesia can indicate more profound 
drug-induced unconsciousness, hypothermia, or a reduction in cerebral delivery of oxygen. (A) Frontal electroencephalography signature of 
arousal and muscle artifacts, characterized by an increase in high-frequency beta (13–25 Hz) and gamma (>25 Hz) oscillations. (B) Frontal 
electroencephalography signature of sedation and unconsciousness commonly seen with γ-aminobutyric acid–mediated anesthetics (e.g., 
propofol, sevoflurane) in nonelderly patients, characterized by slow-delta (<4 Hz) and -alpha (8–12 Hz) oscillations. (C) Slow-delta signature, 
distinguished from B by the lack of alpha oscillations. Theta (4–8 Hz) oscillations are also present. (D) Broadband power loss compared to C, 
with visibly lower slow delta amplitudes and reduction of theta power. (E) Burst suppression, characterized by intervals of low frequency and 
typically low amplitude oscillations (bursts), and periods of suppression (<10 μV).
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sevoflurane) is further characterized by “anteriorization” 
of alpha oscillations whereby decreasing occipital alpha 
power is accompanied by a concurrent increase in frontal 
alpha power (fig. 2B).48 Frontal alpha oscillations are usu-
ally accompanied by slow-delta oscillations (less than 4 Hz), 
completing the prototypical slow-delta–alpha signature of 
propofol (fig. 2B).49 Taken together, computational mod-
els,50,51 rodent models,52 nonhuman primate models,32,53 and 
intracranial human studies54 suggest that propofol hyper-
polarizes posterior corticothalamic networks (decreased 
occipital alpha) and restricts frontal corticothalamic net-
works to a coherent 8- to 12-Hz frequency band (increased 
frontal alpha).50,51,54 Noxious stimulation in the setting of 
insufficient antinociception can disrupt the corticothalamic 
effects of GABAergic anesthetics and lead to “alpha drop-
out” (loss of frontal alpha power).55,56 Furthermore, changes 
in amplitude modulation of frontal alpha oscillations have 
been shown to track unconsciousness during propofol and 
sevoflurane anesthesia, where deeper states of unconscious-
ness are associated with lower amplitude alpha oscillations.49 
Accordingly, frontal alpha oscillations have become a popu-
lar marker for tracking propofol-mediated unconsciousness 
using the EEG. However, patient-specific factors such as age 
and pathophysiologic factors such as temperature can also 
influence propofol-mediated frontal alpha oscillations and 
should be taken into consideration whenever titrating anes-
thetics based on frontal EEG signals. Dexmedetomidine-
induced spindles resemble alpha oscillations but generally 
have less power, oscillate at a slightly faster frequency, are 
intermittent, and have more clearly defined borders in both 
the raw EEG tracing and spectrogram.2,47,57,58

In addition to serving as a marker for anesthetic states, 
frontal alpha oscillations have also emerged as a marker to 
study the aging brain and neuroinflammation. The power 
and peak frequency of anesthetic-induced frontal alpha 
oscillations evolve during the lifespan.59–61 Alpha power 
first appears in sedated infants around 4 to 5 months of 
age and tends to peak at 6 to 8 yr old.62–64 Alpha power 
declines with advancing age and may be indiscernible in 
some elderly patients.59 Although these age-dependent 
changes are robust at a population level, frontal alpha power 
exhibits significant heterogeneity between patients of the 
same chronological age. Frontal alpha oscillations are gen-
erated by corticothalamic circuits, which also underlie cog-
nitive functions such as attention, memory, and executive 
function.65–67 Accordingly, anesthetic-induced frontal alpha 
power tracks cognitive functions and tends to be lower in 
patients with disorders of consciousness and neurocogni-
tive disorders such as dementia and delirium.68–72 Low fron-
tal alpha power during GABAergic sedation and general 
anesthesia can also serve as a more general biomarker for 
frailty, higher illness severity, lower sedative requirements 
and increased postoperative mortality.73–78

In summary, patient-specific factors that are linked to 
weakened frontal alpha oscillations include advanced age, 

poor neurocognitive function, frailty, and severity of critical 
illness.

Slow-delta Oscillations. Large-amplitude slow (less than 1 
Hz) and delta (1 to 4 Hz) oscillations in the EEG, henceforth 
grouped together as slow-delta (less than 4 Hz) oscillations, 
are ubiquitous across states of unconsciousness.25 Seminal 
work throughout the twentieth century by Bremer and 
Steriade revealed that slow-delta oscillations constitute a 
default cortical rhythm.79–81 When the cortex is isolated 
from ascending input by brainstem arousal centers and 
thalamic pacemakers, slow-delta oscillations dominate local 
field potentials and the EEG.80–84 The large amplitudes of 
these oscillations reflect alternating “up” (depolarization 
and synaptic activity) and “down” (relative silence) states of 
cortical neurons.79,85 Down states are prolonged (0.25- to 
2-s) periods of cortical hyperpolarization and a pause in 
action potentials. This disrupts functional connectivity across 
the cortex and the capacity to sustain consciousness.32,86 
Frequency modulation of slow-delta oscillations has 
been shown to track GABAergic anesthetic-mediated 
unconsciousness (i.e., deeper states of unconsciousness are 
associated with longer down states and slower slow-delta 
oscillations).49 The restricted time window for cortical 
depolarization brought about by slow-delta oscillations 
is also associated with a depressed cerebral metabolic rate 
(CMRO

2
).25,87

Although slow-delta oscillations are traditionally asso-
ciated with states of unconsciousness, cases of behavioral 
responsiveness concurrent with slow-delta oscillations have 
been reported. This has been observed in patients with Rett 
syndrome, Angelman syndrome, Lennox–Gastaut syndrome, 
mitochondrial diseases, hepatic encephalopathy, and postop-
erative delirium.88 There have also been reports of patients 
responding to verbal commands in the presence of anesthetic- 
induced slow-delta oscillations, although none of these 
patients reported memories of the experience.89–91 These 
reports likely reflect the fact that slow-delta oscillations can 
be regional and that behavioral responsiveness is still possi-
ble despite a hyperpolarized and intermittently suppressed 
prefrontal cortex.92 Nonetheless, the presence of slow delta 
oscillations remains one of the most reliable markers to track 
anesthetic-induced unconsciousness noninvasively.32

More recently, slow-delta oscillations have been found 
to couple electrical, hemodynamic, and cerebrospinal fluid 
oscillations in the human brain.93 These brain-wide pulsa-
tions in blood volume and cerebrospinal fluid flow likely 
enable the clearance of cerebral metabolic byproducts, 
which may explain the strong association between the deg-
radation of slow wave sleep, the accumulation of amyloid- 
β and tau proteins, and the onset of neurocognitive  
disorders.94 Considering the emerging role of sleep disrup-
tion, neuroinflammation, and impaired cerebral metabolism 
in ICU-related cognitive disorders, slow-delta oscillations 
may represent a therapeutic target using pharmacologic 
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and nonpharmacologic methods to improve sleep quality, 
metabolite clearance, and clinical outcomes in the critically 
ill.95–99

In summary, slow-delta oscillations represent alternating 
up and down states in the cortex, are frequently associated 
with unconsciousness, and facilitate the clearance of cere-
bral metabolites.

Burst Suppression. Burst suppression is likely the most 
easily discernible rhythm on the frontal EEG (fig. 2E). It 
is characterized by intervals of oscillations (i.e., bursts) and 
suppression.4,100 Although the published threshold for EEG 
suppression is 10 µV, the periods of suppression during 
burst suppression are typically less than 5 µV.101 In the 
spectrogram, periods of suppression are evident as a vertical 
broadband—i.e., across all frequencies—signal usually 
colored blue or black on most clinical monitors, denoting 
the loss of EEG power across all frequencies. Like the down 
states of slow-delta oscillations, the suppression periods in 
burst suppression reflect a persistent lack of cortical action 
potentials, which may be local or global.100 A metabolic 
model for burst suppression has been proposed, which 
posits that in states of reduced cerebral metabolism, neurons 
consume the available adenosine triphosphate (ATP) during 
a burst and then are inactive while ATP stores are sufficiently 
recovered to support the next burst.102 If ATP availability is 
further reduced, periods of suppression become longer. If 
ATP availability is increased, periods of suppression become 
shorter. Eventually, the periods of suppression become short 
enough to evolve into the down states of alpha amplitude 
modulation and slow delta frequency modulation.49,103

Burst suppression can be precipitated by diverse patho-
physiological states in the setting of sedation, including isch-
emia,104 hypoxemia,105 hypothermia,103 hypoglycemia,106 
and brain injury.107,108 Burst suppression may also inten-
tionally be induced using GABAergic anesthetics to man-
age status epilepticus and critical increases in intracranial 
pressure.109,110 Although propofol has been shown to inhibit 
mitochondrial metabolism and ATP generation in experi-
mental models,111–115 the precise mechanisms of propofol- 
induced burst suppression in clinical settings remain an area 
of active investigation. The mechanism likely involves both 
GABAergic hyperpolarization and metabolic effects.49

Determining the exact etiology of burst suppression in 
the ICU can be challenging and likely contributes to het-
erogeneous results in clinical outcomes studies. For exam-
ple, sedation-induced burst suppression has been associated 
with decreased mortality after traumatic brain injury,116 
whereas unintentional burst suppression is associated with 
increased ICU mortality.117,118 Although burst suppression 
has been associated with an increased risk of delirium,119,120 
it is more likely the patients’ underlying pathophysiology 
that drives its effects on mortality in vulnerable popula-
tions.118 This is exemplified in the “triple low” phenome-
non whereby patients with a combination of low Bispectral 
Index (Medtronic, Ireland), low anesthetic concentration, 

and low blood pressure have an increased risk of mortality 
compared to patients with single or double lows.121,122 In 
other words, reduced neuronal activity in the setting of sys-
temic pathophysiology is associated with higher mortality 
than reduced neuronal activity in isolation.

To the best of our knowledge, experimental induction 
of profound hypotension, hypoxemia, or hypothermia has 
not been undertaken in humans without concurrent anes-
thesia. However, freshwater painted turtles exhibit burst 
suppression while hibernating in conditions of sustained 
anoxia and hypothermia.123 Werner et al. reported that burst 
suppression occurred at a mean arterial pressure (MAP) of 
31 ± 7 mmHg, concurrent with loss of transcranial Doppler 
diastolic flow, in an experimental model of hemorrhagic 
shock using canines anesthetized with fentanyl and nitrous 
oxide.104 Although neither fentanyl nor nitrous oxide is a 
GABAergic anesthetic, hemorrhagic shock has been shown 
to increase plasma concentrations of propofol in swine, 
which may of itself induce burst suppression pharmaco-
logically without invoking neuronal hypoxia.124 In addition 
to this pharmacokinetic effect, shock states have also been 
shown to exert a pharmacodynamic effect on the brain, 
making it more sensitive to the effects of propofol.125,126 
More recently, a randomized controlled trial in humans 
demonstrated that a hemodynamic intervention aimed at 
restoring baseline MAP successfully terminated burst sup-
pression more than 50% of the time in patients undergoing 
noncardiac surgery, without changing anesthetic dosing.127 
Whether the reported EEG findings from this trial reflect 
physiologic, pharmacokinetic, pharmacodynamic, or a 
combination of effects is still unclear. Nonetheless, new- 
onset burst suppression should prompt clinicians to con-
sider a differential diagnosis that includes both anesthetic 
overdose and metabolic derangements.

Future work characterizing distinct burst suppression 
phenotypes and the underlying mechanisms will help 
refine our understanding of this brain state and how it 
can be applied as a tool and marker to improve clinical 
outcomes.128–130

Cerebral Metabolic State

The human brain’s metabolic demands outscale its mass by 
an order of magnitude. The brain accounts for 20% of the 
body’s oxygen consumption and only 2% of body mass.131 
This is due to the high metabolic cost incurred by neu-
rons to support action potentials, synaptic transmission, and 
the maintenance of membrane potentials. These functions 
account for at least 75% of ATP use in the cortex.132,133 
Accordingly, neuronal ATP consumption directly correlates 
with average action potential rate.133 The remaining 25% is 
dedicated to cellular housekeeping such as the synthesis of 
molecules and organelle trafficking. Considering that EEG 
signals fundamentally rely on these high-energy neuronal 
processes, i.e., action potentials and postsynaptic potentials, 
it has long been recognized that changes in CMRO

2
 are 
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hierarchically reflected in neuronal spike rates, local field 
potentials, and ultimately the EEG.134,135 Simply stated, pro-
gressively decreasing CMRO

2
 is accompanied by a shift in 

EEG power toward lower frequencies (i.e., lower frequency 
of action potentials) and lower amplitudes (i.e., lower num-
ber of synchronous action potentials; fig. 2).25,32,87

In the clinical setting, the EEG changes associated with 
decreasing CMRO

2
 are most evident during the induction 

and reversal of hypothermia for procedures like aortic arch 
surgery that require periods of circulatory arrest (fig. 3). In 
cardiac and aortic surgery, levels of hypothermia are tradi-
tionally classified as mild (28.1° to 34°C), moderate (20.1° 
to 28°C), deep (14.1° to 20°C), and profound (14°C or 
lower).136 After establishing cardiopulmonary bypass, the 
patient is systemically cooled to lower CMRO

2
. This pro-

longs the safe ischemic time for the surgeon to complete 
the procedure in a bloodless field during circulatory arrest. 
As brain temperature and CMRO

2
 decrease, there is first a 

shift of power toward lower frequencies, followed by broad-
band power reduction and then burst suppression with 
progressively lower amplitude bursts and longer periods of 
suppression until persistent suppression is achieved.103 These 
EEG changes reverse during rewarming. States of profound 
hypothermia can decrease CMRO

2
 by up to 90%, account-

ing for the reduction of action potential rate and basal met-
abolic rate for other cellular activities not related to synaptic 
transmission.136,137

The same sequence of frontal EEG changes observed 
during the induction of hypothermia has been described in 
cases of increasing GABAergic anesthetic concentration.25 
As propofol concentrations increase, frontal alpha power 
progressively decreases (i.e., amplitude modulation), and the 
down states of slow-delta oscillations become progressively 
longer (i.e., frequency modulation), eventually transition-
ing to burst suppression with ever-lengthening periods 
of suppression.49 Considering the physiologic principle 
that neuronal energy use directly correlates with action 
potential frequency,133 this EEG trajectory is accompanied 
by progressively decreasing CMRO

2
. Propofol’s effects 

on CMRO
2
 are due to both network mechanisms (γ- 

aminobutyric acid agonism decreases action potential fre-
quency and consequently decreases CMRO

2
) and direct 

metabolic effects. In the latter, disruption of oxidative phos-
phorylation at neuronal mitochondrial membranes decreases 
CMRO

2
 and consequently decreases action potential fre-

quency.111–115 The overlap and transition between these 
mechanisms has been suggested to start before the onset 
of burst suppression and is an area of active investigation.49

Decreasing CDO
2
 follows a similar EEG trajectory, likely 

reflecting a reactive mechanism whereby the rate of action 
potentials, and therefore CMRO

2
, decreases in response to 

declining CDO
2
 caused by hypoperfusion,104,138–140 hypox-

emia,105,141–144 or anemia144,145 (fig. 4A). These changes are 
also apparent during states of prolonged hypoglycemia, 
reflecting the complimentary roles of oxygen and glucose in 

the production of neuronal ATP.106,147 In the clinical setting, 
EEG signatures of reduced neuronal activity in response to 
low CDO

2
 have been thoroughly described during carotid 

endarterectomies. Criteria for critical ischemic thresholds 
during carotid artery cross-clamping warranting consider-
ation of a carotid shunt generally recapitulate the previously 
described trajectory: greater than 50% power reduction in 
the 8- to 15-Hz range (loss of alpha and low beta power), 
greater than 50% increase in slow delta power (i.e., power 
shift toward lower frequencies), greater than 50% broad-
band power reduction, and EEG suppression.19 These 
changes typically occur when global cerebral blood flow 
(CBF) falls to less than 35 to 40% (18 to 20 ml · 100 g–1 · 
min–1) of normal values (50 to 55 ml · 100 g–1 · min–1).148,149 
Of note, acute ischemic strokes are unlikely to cause burst 
suppression on the frontal EEG, although electrodes over-
lying affected cortical regions typically do exhibit a shift of 
power toward lower frequencies.150

Under normal circumstances, CBF is highly regulated to 
maintain adequate CDO

2
 in response to changes in cerebral 

perfusion pressure, defined as the difference between MAP 
and the larger of intracranial pressure or central venous 
pressure (CVP), the partial pressures of oxygen and car-
bon dioxide, hemoglobin concentration, and temperature 
(fig. 4B).146,151–157 However, autoregulation of CBF is dis-
rupted in many critically ill patients and shows substantial 
interindividual variability.158–160 Lower MAP limits for cere-
bral autoregulation range from 40 to 90 mmHg in adults, 
complicating precise assessment of CDO

2
.155 Furthermore, 

decreasing CBF may go unnoticed in patients with high 
hemoglobin concentration and oxygen saturation, which 
serve to maintain CDO

2
 at an acceptable level despite lower 

flow. Conversely, anemic and hypoxemic patients will have 
less tolerance for reductions in CBF. CBF has also been 
shown to increase during seizures to maintain balance 
between oxygen supply and demand.161 Severe hypo- and 
hypercapnia may also result in reduced neuronal activity 
via impairments in CBF and direct anesthetic effect,162–165 
respectively. Ultimately, the exact values of CDO

2
 and 

CMRO
2
 are less important than ensuring their balance, 

which is reflected in the electrical activity of the brain 
and resulting EEG signals. In this way, the frontal EEG can 
be used as a marker for end-organ perfusion. Unexpected 
shifts of frontal EEG power to lower frequencies, broad-
band power decreases, or the appearance of burst suppres-
sion should alert clinicians of a possible imbalance in CDO

2
 

and CMRO
2
 and prompt a search for underlying causes 

and confounding factors such as hypothermia, hypoglyce-
mia, and oversedation.

Behavioral State of Arousal

A focused neurologic examination assessing brainstem 
function and states of arousal can help inform expected 
drug-induced frontal EEG signatures.166 A progressive loss 
of brainstem reflexes (e.g., pupillary light reflex, corneal 
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reflex, oculocephalic reflex, gagging, coughing) suggests 
deepening levels of sedation.166 The Richmond Agitation–
Sedation Scale (RASS) is commonly used in clinical settings 
to assess states of arousal. It ranges from −5 (unresponsive) 
to +4 (combative) and has been validated in adult ICUs.167

Sedated patients without primary neurologic pathologies 
who do not respond to voice or physical stimulation (RASS, 
−5) are expected to exhibit states of slow-delta–alpha, slow-
delta, or burst suppression on the frontal EEG.48,49 Theta 
oscillations (4 to 8 Hz) are also common.168 Responses to 
physical (RASS, −4) and verbal (RASS, −3, −2, −1) stimuli 
are typically associated with the abrupt appearance of beta 
and gamma oscillations, with a background state of slow-
delta or slow-delta–alpha.27,28 With the advent of “nonseda-
tion” in the ICU, patients may also exhibit states of natural 
sleep, which are readily discernible on the frontal EEG.169 
A detailed description of sleep architecture and the asso-
ciated EEG signatures is beyond the scope of this article, 
and readers are referred to the thorough description and 

representative figures of Prerau et al.170 Patients who spon-
taneously interact with their environments (RASS, 0, +1) 
tend to have sustained beta and gamma oscillations.26 The 
EEG of restless and agitated patients (RASS, +2, +3, +4) is 
characterized by frequent movement and electromyogram 
artifacts in the EEG.171

Many patients in the ICU will exhibit fluctuating 
changes in state of arousal, most notably during delirium. 
The association of lower neuronal activity with depressed 
states of arousal holds true in hypoactive delirium, where 
a shift of power toward higher frequencies correlates with 
resolving delirium severity.70,71 States of arousal also fluctu-
ate in other forms of encephalopathy (e.g., sepsis associated 
encephalopathy, toxic–metabolic encephalopathy), which 
can exhibit diverse EEG phenotypes including a shift of 
power toward lower frequencies, burst suppression, triphasic 
periodic discharges, and seizures.172,173 Patients with a pre-
dominantly slow-delta signature tend to exhibit the charac-
teristics of hypoactive delirium, whereas burst suppression, 

Fig. 3.  Effects of progressive hypothermia and decreasing cerebral metabolic rate on the frontal electroencephalography. (A) Nasopharyngeal 
temperature time course of a patient who is cooled to induce deep hypothermia for aortic arch surgery, and subsequently rewarmed. 
(B) Spectrogram showing frontal electroencephalography correlates of the cooling, deep hypothermia and rewarming periods. (C) 
Electroencephalography tracings of different levels of hypothermia. As temperature and cerebral metabolic rate decrease, frontal electroen-
cephalography power shifts toward lower frequencies and then transitions to burst suppression with lengthening periods of suppression until 
reaching persistent suppression. These electroencephalography changes reverse during rewarming.
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periodic discharges, and nonconvulsive seizures typically 
represent more severe brain injury.174,175

Management Framework
By combining knowledge of the common anesthetic sig-
natures reviewed in part 1 with the physiologic signatures 
of part 2, clinicians can integrate frontal EEG into manage-
ment of the critically ill patient (fig. 5).

The first step is to set expectations for the patient’s 
EEG based on contextual clinical information (fig. 5, top). 
Variables to consider when setting expectations should 
include the behavioral state of arousal, anesthetic infusions, 
age, comorbidities, and physiologic parameters as described 

in previous sections. For example, a 40-yr-old otherwise 
healthy woman who is sedated with 50 mcg · kg–1 · min–1 
propofol after elective cardiac surgery, has stable vital signs, 
and opens her eyes to voice would be expected to exhibit 
a slow-delta–alpha signature (fig. 2B) with intermittent beta 
and gamma oscillations in response to verbal commands 
(fig. 2A). Conversely, a 78-yr-old patient who is sedated 
with 20 mcg · kg–1 · min–1 propofol after being intubated for 
hypoxemic respiratory failure, is being resuscitated for septic 
shock, and does not respond to verbal or physical stimuli 
would be expected to exhibit a slow-delta (fig. 2, C and D), 
burst suppression (fig. 2E), or persistent suppression pattern.

After assessing the patient and setting expectations for 
frontal EEG signatures, data quality should be optimized. 

Fig. 4.  Balancing the cerebral supply and demand for oxygen. (A) Cerebral delivery of oxygen (CDO2) is proportional to cerebral blood flow 
(CBF), hemoglobin concentration (Hb) and oxygen saturation (Spo2). Cerebral metabolic rate of oxygen (CMRO2) is proportional to basal 
metabolic rate and action potential rate. When CMRO2 persistently outweighs CDO2 during sedation or general anesthesia, frontal electro-
encephalography signatures will mimic the reduced neuronal activity trajectories of progressive hypothermia or increasing γ-aminobutyric 
acid–mediated anesthetic effects. (B) Cerebral autoregulation helps maintain balance between CDO2 and CMRO2 by altering CBF in response 
to changes in vital parameters such as mean arterial pressure (MAP), partial pressure of oxygen (PaO2), and partial pressure of carbon dioxide 
(PaCO2). Increases in intracranial pressure (ICP) and central venous pressure (CVP) can impair CBF by reducing cerebral perfusion pressure. 
CBF can also be compromised by decreasing PaCO2 and decreasing MAP.
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The exact procedures differ between commercially avail-
able devices but generally include minimizing elec-
trode impedance (e.g., cleaning forehead skin, ensuring 
adequate electrode and gel contact) and eliminating 

electromagnetic artifacts (e.g., avoiding wire contact with 
nearby electrical devices and ensuring proper grounding). 
Furthermore, disposable frontal EEG electrodes should be 
replaced every 24 h or at the manufacturer-recommended 

Fig. 5.  Framework for electroencephalography (EEG)–guided management of the critically ill patient. The first step in the management 
paradigm is to assess the patient and set expectations for a frontal EEG signature (top). Factors to consider when setting expectations are 
the patient’s age, vital signs, comorbidities, sedative infusions, and neurologic examination. If the patient is medically stable, has the desired 
state of behavioral sedation, and is displaying the expected EEG signature, no changes in management are required, and EEG monitoring can 
continue. If the patient is exhibiting unexpected EEG signatures, changes in management should be considered (bottom). Signs of seizures 
or the ictal–interictal continuum (IIC) should prompt a search for underlying causes, full scalp EEG, neurology consultation, and consideration 
of increasing sedation and administering antiseizure medications. An EEG characterized by unexpected beta (13–25 Hz) or gamma (>25 Hz) 
oscillations (e.g., during neuromuscular blockade) suggests neurologic arousal and should prompt consideration of increasing sedation and/
or antinociception to achieve the desired brain state. Patients with unexpected signs of reduced neuronal activity should first be assessed 
for an imbalance between cerebral delivery of oxygen (CDO2) and cerebral metabolic rate (CMRO2). If these EEG signatures persist after opti-
mizing cerebral oxygen supply and demand, gradual lightening of sedation should proceed until expected sedative signatures are achieved. 
Confounding factors such as hypothermia, hypoglycemia, and severe hypercapnia should also be considered. If the signatures persist in the 
absence of sedation, primary neurologic pathology should be investigated.
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interval. Identifying physiologic artifacts originating from 
nonneurologic sources is also important. In general, mus-
cle and movement artifacts are intermittent, with broad-
band frequencies and high amplitudes. Eye movement 
artifacts can be caused by blinking (short, high-amplitude  
signal) and rolling eye movements (lower-frequency 
delta-range signal with moderate amplitude). Most pro-
cessed frontal EEG devices in clinical use have adopted 
automated algorithms to detect artifacts and either sub-
tract them from the displayed signal or alert clinicians 
to their presence on the user interface screen. Frequent 
movement artifacts and high electromyogram power usu-
ally indicate inadequate sedation (i.e., RASS, + 2, +3, +4), 
hyperactive delirium, or nociception. Some devices allow 
users to modify the amplitude (EEG tracing, microvolts) 
and power (spectrogram color bar, decibel) scales, which 
should be optimized to identify oscillations of inter-
est. The amplitude scale of the EEG tracing should be 
adjusted to the lowest possible setting where there is no 
signal loss (i.e., peaks and troughs are not cut off from 
the display) to optimize visualization of lower-amplitude 
oscillations. The power scale of the spectrogram should 
be adjusted to track oscillations that are most pertinent to 
the patient’s management.

After data quality optimization and scale adjustment, 
both the real-time EEG tracing and spectrograms should 
be assessed for drug and physiologic signatures. The EEG 
tracing is best suited for assessment of the current brain 
state, whereas the spectrogram is most helpful to iden-
tify trends over time. If the behavioral state and clinical 
information match the observed frontal EEG signatures, 
i.e., expectations are met, then monitoring can continue. 
Future changes in the frontal EEG can be used to track 
disease trajectories and responses to interventions. There are 
no guidelines for the ideal interval between frontal EEG 
assessments in the general ICU population. Therefore, the 
frequency of EEG assessments, as with other clinical mon-
itors, should be individualized according to patient acu-
ity. The unstable 78-yr-old patient described would likely 
undergo more frequent bedside reassessments than the sta-
ble 40-yr-old. Similar to MAP and oxygen saturation mea-
sured by pulse oximetry, bedside frontal EEG can be rapidly 
assessed whenever a clinician enters a patient’s room.

In cases where expectations do not align with the 
observed frontal EEG signature, further investigation and 
management should be pursued (fig. 5, bottom). Suspected 
seizure or IIC activity should prompt an assessment of 
underlying causes, full scalp EEG, neurology consultation, 
and consideration for antiseizure therapy and increased 
GABAergic sedation. When states of deep sedation or gen-
eral anesthesia are being targeted (e.g., during neuromus-
cular blockade), the presence of beta or gamma oscillations 
should prompt uptitration of sedation to mitigate the risk 
of awareness with recall. Ensuring adequate antinocicep-
tion is also important to mitigate ascending arousal signals 

from noxious stimuli and to maintain a state of multimodal 
anesthesia.176

Unexpected signs of decreasing neuronal activity should 
prompt clinicians to consider a broad differential diagnosis 
(table 1). These signs include a progressive shift of power 
toward lower frequencies, broadband power reduction, and 
burst suppression with progressively longer periods of sup-
pression. The differential diagnosis for impaired CDO

2
 in 

a critically ill patient includes the various causes of hypox-
emia, anemia, and reduced cerebral blood flow (fig. 4). All 
of these factors should be considered whenever a patient 
exhibits evolving signs of reduced neuronal activity. When 
available, the concurrent use of other bedside neuromoni-
tors such as cerebral near-infrared spectroscopy and transcra-
nial Doppler can help narrow the differential diagnosis.177 
If there are no concerns for declining CDO

2,
 hypothermia, 

hypoglycemia, severe hypercapnia, or inadequate antinoci-
ception, anesthetic infusions can be downtitrated until the 
desired brain state is achieved. Some patients with enceph-
alopathy or brain injury may exhibit persistent slow-delta 
oscillations or burst suppression despite completely turning 
off the anesthetic infusions. This should be investigated fur-
ther with appropriate studies. Generalized EEG suppression 
may also be seen after seizure termination (i.e., post-ictal 
suppression), which typically has a higher amplitude than 
the suppression periods characteristic of burst suppression 
and only lasts a few minutes.101

Case Examples
We now illustrate the principles presented in previous sec-
tions with three case examples.

Case 1

A 39-yr-old woman with factor V Leiden and chronic 
thromboembolic pulmonary hypertension presents to 

Table 1.  Differential Diagnosis for Reduced Neuronal Activity, 
Categorized into States of Normal CDO2 and Reduced CDO2 

Normal CDO2 Reduced CDO2

Anesthetic effect Shock
Hypothermia Intracranial hypertension
Hypoglycemia Venous congestion
Hypercapnia Hypoxemia
Post-ictal suppression Hypocapnia
Nociception Anemia
 Stroke
Primary brain injury

Reduced CDO2 can be caused by shock, intracranial hypertension, venous conges-
tion, stroke, hypoxemia, hypocapnia, and anemia. In cases of normal CDO2, causes 
of reduced neuronal activity include increasing anesthetic effect, hypothermia, 
hypoglycemia, severe hypercapnia, post-ictal suppression, and nociception. Pri-
mary brain injury may reduce neuronal activity via metabolic (i.e., reduced CDO2) or 
nonmetabolic (i.e., normal CDO2) mechanisms.
CDO2, cerebral delivery of oxygen.
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the emergency department with worsening shortness of 
breath and is admitted to the ICU. She is intubated due 
to acute hypoxemic respiratory failure, and an arterial cath-
eter is placed to monitor blood pressure and blood gases. 
She remains hemodynamically stable throughout induction, 
intubation, and the initiation of mechanical ventilation. 
Laboratory testing reveals a normal hemoglobin concentra-
tion, normal glucose concentration, and blood gas analysis 
within normal limits. Several hours after intubation, she 
remains sedated with 50 mcg · kg–1 · min–1 propofol. Her 
neurologic examination reveals an absence of brainstem 
reflexes and a RASS of −5. Considering the patient’s rel-
atively young age, normothermia, propofol infusion dose, 
hemodynamic stability, and improved oxygenation, a slow-
delta–alpha pattern is expected on her frontal EEG.

The initial examination of her frontal EEG reveals burst 
suppression (fig. 6). Due to the lack of clinical evidence 
to suggest impaired CDO

2
 or other confounding causes 

of decreased neuronal activity, her propofol infusion is 
decreased to 40 and then 20 mcg · kg–1 · min–1. Her fron-
tal EEG then transitions to the expected slow-delta–alpha 
pattern, and monitoring for future unexpected signatures 
follows.

Two days later, the patient develops intermittent peri-
ods of changes on her frontal EEG, including loss of alpha 

power and burst suppression whenever her MAP is less 
than 70 mmHg (fig. 7). The apparent persistence of beta 
and gamma power during burst suppression is likely arti-
factual in the setting of clear burst suppression on both the 
EEG tracing and spectrogram. She is still sedated with 20 
mcg · kg–1 · min–1 propofol and is intermittently responsive 
to painful stimuli. Point-of-care transthoracic echocardi-
ography reveals worsening right ventricular systolic func-
tion, and chart review shows a gradual increase in her CVP 
during the past 24 h. An epinephrine infusion is initiated, 
which reduces her CVP and increases her MAP. Her fron-
tal EEG then transitions from burst suppression to a stable 
slow-delta–alpha pattern.

This case illustrates two common scenarios in the ICU. 
First, the patient is oversedated and in burst suppression. 
EEG-guided downtitration of the propofol infusion effec-
tively resolves the burst suppression, and the expected slow-
delta–alpha signature emerges. With the slow-delta–alpha 
signature intact, impairments in CDO

2
 can more easily be 

detected on the EEG during monitoring. During the course 
of the next 2 days, she develops right heart failure, compro-
mising CBF, and CDO

2
. Although her MAP remains above 

the traditionally targeted 65 mmHg, declining cardiac out-
put and rising CVP impair cerebral perfusion pressure to the 
point of a CDO

2
–CMRO

2
 imbalance. It is also possible that 

Fig. 6.  Case 1a: Electroencephalography-guided propofol titration in a 39-yr-old woman with chronic thromboembolic pulmonary hyperten-
sion. This relatively young patient, sedated with propofol (50 mcg · kg–1 · min–1) was expected to exhibit slow-delta and alpha electroenceph-
alography oscillations. Despite normal vital signs and no concerns for an imbalance between cerebral oxygen supply and demand, she was in 
a state of burst suppression. The propofol infusion rate was decreased to 40 mcg · kg–1 · min–1 and then to 20 mcg · kg–1 · min–1 after which 
she emerged from burst suppression to the expected slow-delta–alpha electroencephalography pattern. (A) Propofol infusion rates. (B) Frontal 
electroencephalography spectrogram showing transition from burst suppression to slow-delta–alpha. (C) Frontal electroencephalography 
tracings corresponding to the black rectangles in the spectrogram, showing burst suppression at approximately 8 min in the spectrogram and 
then slow-delta–alpha at approximately 52 min. (D) Electroencephalography-guided decision path appropriate for this case. CDO2, cerebral 
delivery of oxygen; CMRO2, cerebral metabolic rate.
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burst suppression was caused by increasing propofol con-
centrations due to altered pharmacokinetics in the setting 
of reduced cardiac output. Point-of-care echocardiography 
confirms the diagnosis, appropriate therapy is initiated, and 
her EEG returns to the expected slow-delta–alpha signature.

Case 2

An 89+-yr-old woman is admitted to the ICU after mitral 
valve replacement. In the operating room, she exhib-
ited slow-delta oscillations with amplitudes of 30 to 40 
µV during total intravenous anesthesia with propofol and 
intermittent fentanyl boluses. Upon arrival to the ICU, 
she is sedated with propofol (40 mcg · kg–1 · min–1) and is 
unresponsive to external stimuli (RASS, −5). Her MAP is 
maintained above 65 mmHg with high doses of norepi-
nephrine, vasopressin, and epinephrine. Based on her age 
and comorbidities, a slow-delta pattern is expected on her 
frontal EEG. Close examination of the EEG tracing reveals 
low EEG power, with slow-delta amplitudes in the 10- to 
20-µV range, barely above the amplitude cutoff for EEG 

suppression (fig. 8A). Shortly after, her EEG devolves into 
burst suppression. Her cardiac index measured using a pul-
monary artery catheter and the thermodilution method is 
1.3 l · min–1 · m–2. Point-of-care echocardiography reveals 
severely reduced left ventricular systolic function. A per-
cutaneous ventricular assist device is emergently placed, 
which increases her cardiac index to 2.7 l · min–1 · m–2. 
Reassessment of her frontal EEG reveals resolution of burst 
suppression and the emergence of slow-delta oscillations 
with amplitudes of 30 to 40 µV, as well as theta oscillations 
(fig. 8B).

The next day, after confirming the absence of residual 
neuromuscular blockade, the propofol infusion is paused to 
facilitate a neurologic examination. Four hours later, she 
remains unresponsive to voice and physical stimuli, despite 
stable vital signs, appropriate percutaneous ventricular assist 
device flow, and no other indication of clinical deteriora-
tion. Examination of her frontal EEG reveals IIC activity 
(triphasic periodic discharges, 10 to 15 per 10 s), prompting 
computed tomography examination of her head, which is 

Fig. 7.  Case 1b: Impaired cerebral delivery of oxygen (CDO2) leading to burst suppression in a 39-yr-old woman with chronic thromboem-
bolic pulmonary hypertension. The same patient described in figure 6 developed worsening right ventricular systolic function. When her mean 
arterial pressure (MAP) dropped to less than 70 mmHg, she transitioned from a slow-delta–alpha signature to burst suppression, despite a 
stable propofol infusion at 20 mcg · kg–1 · min–1, suggesting an imbalance between CDO2 and cerebral metabolic rate (CMRO2). Elevated cen-
tral venous pressure (CVP) in the setting of right ventricular failure likely increased the required MAP to maintain adequate cerebral perfusion 
pressure, cerebral blood flow, and CDO2. It is also possible that burst suppression was caused by increasing propofol concentrations due to 
altered pharmacokinetics in the setting of reduced cardiac output. An epinephrine infusion was initiated to restore her cardiac output and 
mean arterial pressure, also resulting in a decreased central venous pressure. Shortly thereafter, she transitioned from burst suppression to a 
slow-delta signature with progressively increasing alpha power. (A) Time course of the patient’s MAP in relation to states of slow-delta–alpha 
oscillations (pink background) or burst suppression (blue background). (B) The corresponding frontal electroencephalography spectrogram. 
(C) Frontal electroencephalography tracings and their associated MAP when recorded. (D) Electroencephalography-guided decision path 
appropriate for this case.
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unremarkable. Subsequently, a full scalp EEG reveals non-
convulsive seizure activity (fig. 9). In consultation with the 
neurology service, the propofol infusion is restarted, and 
scheduled levetiracetam is initiated. These therapies success-
fully suppress the seizure activity. Two days later, the patient 
is weaned off propofol, and she regains responsiveness to 
voice without any focal neurologic deficits.

This case illustrates two separate physiologic signatures. 
First, signs of decreased EEG activity are more subtle in 
elderly patients due to diminished frontal alpha power, 
which can be used as an early marker of clinical deterio-
ration in younger patients. In cases such as this, broadband 
power reduction can serve as a warning for impending burst 
suppression (fig. 8C). Second, frontal EEG can help narrow 
the differential diagnosis for unresponsive patients during 

sedation vacations. In this case, it facilitated the detection 
of IIC activity, accelerating the diagnosis and treatment of 
seizures.

Case 3

A 65-yr-old man with a history of nonischemic cardio-
myopathy is scheduled for cardiac surgery and insertion of 
a left ventricular assist device (LVAD). A right radial arterial 
catheter is placed before the induction of general anesthe-
sia. Anesthetic induction, sternotomy, initiation of cardiopul-
monary bypass (CPB), and insertion of the LVAD proceed 
uneventfully. During weaning from CPB, the frontal EEG 
rapidly devolves from a slow-delta–alpha pattern to burst sup-
pression (fig. 10, A and B), despite a consistent radial artery 

Fig. 8.  Case 2a: Low cardiac output resulting in broadband power reduction in an 89+-yr-old woman after cardiac surgery. In elderly 
patients who have no discernable alpha power in the spectrogram, a decrease in broadband electroencephalography power can herald the 
onset of hemodynamic instability before burst suppression. The patient’s slow-delta oscillations in the operating room were noted to have 
amplitudes in the 30- to 40-µV range. Upon arrival to the cardiac intensive care unit, her slow-delta amplitudes had decreased to 10 to 20 
µV (A). Her cardiac index was measured to be 1.3 l · min–1 · m–2 using thermodilution with a pulmonary artery catheter. Shortly thereafter, 
her electroencephalography devolved into a burst suppression pattern. She returned to the operating room for placement of a percutaneous 
ventricular assist device (PVAD), which more than doubled her cardiac index (2.7 l · min–1 · m–2). She quickly emerged from burst suppression 
in the operating room after initiation of PVAD flow, and upon arrival in the intensive care unit, she was noted to have recovered broadband 
electroencephalography power with slow-delta amplitudes back in the 30- to 40-µV range (B). She also exhibited theta oscillations in addition 
to slow-delta oscillations, indicating recovery of some faster oscillations. Unconsciousness was maintained throughout the perioperative 
period with 40 mcg · kg–1 · min–1 propofol, and her mean arterial pressure was maintained between 65 and 70 mmHg using vasopressors 
and inotropes. (A) Frontal electroencephalography tracing, and spectrogram during the pre-PVAD period, with a cardiac index of 1.3 l · min–1 
· m–2. (B) Frontal electroencephalography tracing and spectrogram during the post-PVAD period, with a cardiac index of 2.7 l · min–1 · m–2. (C) 
Broadband electroencephalography power increase and recovery of theta oscillations after resolution of cardiogenic shock, demonstrated 
using median spectra computed during the time windows indicated by arrows on the spectrograms. (D) Electroencephalography-guided 
decision path appropriate for this case. CDO2, cerebral delivery of oxygen; CMRO2, cerebral metabolic rate.
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MAP of 80 to 90 mmHg, albeit with no discernible pulse 
pressure. This observation prompts the anesthesiologist to 
ask the surgeon to palpate and then insert a catheter into the 
ascending aorta. Direct transduction of aortic pressure reveals 
a MAP of 35 mmHg, despite adequate LVAD flows. Full CPB 
is emergently reinstituted, and aortic MAP is rapidly increased 
using epinephrine and vasopressin. During the next minutes, 
burst suppression resolves, and the slow-delta–alpha signature 
is restored. A femoral arterial catheter is then inserted to guide 
hemodynamic management, and the patient is successfully 
weaned from CPB. The remainder of the surgery and hospital 
course are uneventful, and the patient is discharged with no 
focal neurologic deficits on postoperative day 19.

This case illustrates how the frontal EEG can serve as a 
marker for end-organ perfusion and alert clinicians of pro-
found hemodynamic changes when other monitors fail. The 
radial artery catheter was likely compromised during CPB, 
resulting in an overestimation of blood pressure. Unexpected 
changes in the frontal EEG led to rapid diagnosis and accel-
erated management of a critical condition that could have 
otherwise resulted in devastating organ injury. In this case, 
the radial arterial line failed. However, similar scenarios may 
also arise between noninvasive blood pressure measurements 
or in cases of inconsistent pulse oximetry readings.

Conclusions
Integrating frontal EEG monitoring in the manage-
ment of critically ill patients requires the ability to rec-
ognize basic anesthetic-induced signatures, as well as the 

physiologic signatures that are prevalent in this patient 
population. This combination allows clinicians to interpret 
frontal EEG signals in the full context of critical illness, 
and to guide management beyond titration of anesthet-
ics. Physicians caring for the critically ill need to consider 
etiologies across multiple organ systems that may be driv-
ing changes in brain states.178 Therefore, EEG education 
programs designed for anesthesiologists and intensivists 
should include physiologic signatures and representative 
case examples to complement traditional drug signatures 
and optimize the clinical utility of EEG monitoring. 
Future studies investigating the use of continuous frontal 
EEG in critically ill patients will provide new insights into 
the bidirectional interactions between the brain and the 
rest of the body. This will pave the way for specific brain 
state targeting to improve clinical outcomes and usher in 
a new era for brain health in our most vulnerable patients.
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Fig. 9.  Case 2b: Seizure in an 89+-yr-old woman after cardiac surgery. The same patient described in figure 8 returned to the intensive care 
unit in stable condition, and the next day, her propofol sedation was weaned off to facilitate neurologic examination. She remained unrespon-
sive after 4 h, and her frontal electroencephalogram (EEG) demonstrated sharp periodic discharges. This prompted computed tomography 
imaging of her head without contrast, which was unremarkable, and a full montage EEG due to the concern for seizures. EEG confirmed 
nonconvulsive seizures, originating from her frontal lobes and generalizing across her scalp. The propofol infusion was resumed, and she was 
started on scheduled antiseizure medication, which effectively suppressed any further ictal–interictal continuum (IIC) or seizure activity. She 
regained behavioral responsiveness 2 days later without neurologic deficits. The spectrogram and raw EEG tracing below were derived from 
the Fp2 to F8 frontal channel, demonstrating seizure onset in the raw tracing and spectrogram. (A) Frontal EEG spectrogram showing onset 
and resolution of seizure activity (sustained broadband power increase visualized as a red rectangle). (B) Frontal EEG tracing showing the 
seizure onset. (C) EEG-guided decision path appropriate for this case.
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