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Since the development and use of electroencephalogra-
phy (EEG) monitoring during general anesthesia, the 

interest of anesthesiologists in neurophysiology has con-
siderably increased.1 Indeed, various indices obtained from 
processed EEG monitors may represent accessible and 
noninvasive biomarkers to monitor brain activity and eval-
uate the depth of anesthesia. Intraoperatively, EEG oscil-
lation power is computed and displayed on the screen of 
processed EEG monitors, and the patient’s brain activity is 
based on well known canonical frequency bands (slow [0.1 
to 1 Hz], delta [1 to 4 Hz], theta [4 to 8 Hz], alpha [8 to 
12 Hz], beta [12 to 5 Hz], and gamma [25 to 80 Hz]) that 
compose the EEG spectrum.2 The effects of anesthesia on 
these EEG frequency bands create characteristic patterns 
that can be used to infer the level of anesthesia, depending 
on the mechanisms of action of each drug.2 Importantly, it 
has been shown that the power spectrum of human EEG, 

and thus its canonical frequency bands, are composed of 
both periodic (spectral peaks) and aperiodic components. 
The aperiodic component is reflected in the spectrum as 
an exponential decay of power across frequencies, with an 
increased power of the aperiodic activity as the frequencies 
decrease.3 Recently, the physiologic significance of this ape-
riodic activity has gained interest in clinical and fundamen-
tal research.4 Traditionally considered as “noise,” aperiodic 
brain activity has been recently suggested to play a role in 
transitions between different brain states.5 This finding is 
particularly relevant for anesthesia, since variations of the 
EEG aperiodic activity might bring additional insights into 
cortical dynamics under different anesthetic states.

Understanding Aperiodic Activity
Aperiodic activity can be observed once the time domain 
EEG signal has been transformed into the frequency 
domain using, for instance, a Fourier transform.6 On the 
resultant power spectrum, nonoscillatory activity manifests 
as a decrease in power as a function of frequency, subscrib-
ing to a power law of S(f) ∝ 1/fβ (where S indicates power, 
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ABSTRACT 
Perioperative electroencephalography (EEG) has been widely studied in the 
last decade, not only as a useful brain state monitor but also as a potential tool 
to identify vulnerable patients at risk of perioperative neurocognitive disorders. 
Current literature has mostly focused on the oscillatory components of the 
EEG signal. Recently, interest in the functional role of the aperiodic activity 
of the EEG signal has increased both in neuroscience and in anesthesiology. 
This narrative review aims to provide clinicians and researchers with practical 
and methodologic insights into characterizing aperiodic EEG activity, focus-
ing on its neurophysiological significance in neuroscience and anesthesia. It 
furthermore provides the reader with observed variations of aperiodic activity 
and periodic activity during general anesthesia and highlights whether those 
parameters could be useful to infer cognitive frailty and perioperative neuro-
cognitive disorders and monitor depth of anesthesia during surgery.
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f indicates frequency, and β indicates exponent; fig. 1B),7 
with lower frequencies exhibiting the greater amplitudes 
and higher frequencies exhibiting the lower amplitudes. This 
1/f-like power law has been proposed to reflect the aperi-
odic activity3 and is thought to represent the underlying 
background arrhythmic activity of the brain.3 Oscillatory 
activity is reflected in the resulting magnitude, or power 
spectrum, by peaks or bumps superimposed on the decay 
representing aperiodic activity (fig. 1B).

While it is well known that periodic oscillations rep-
resent synchronized activity of neuronal populations, the 
precise neurobiological mechanisms underlying aperiodic 
activity remain under extensive investigation and debate.8 
Two quantitative parameters are used to characterize the 
aperiodic activity: the aperiodic exponent (or slope) and 
the broadband offset. The offset in the log-log space repre-
sentation is defined by the y-intercept of the power spec-
trum (fig. 1A).

The 1/f exponent (β), or spectral slope, quantifies the 
rate of power decrease with increasing frequency along the 
EEG spectrum. The exponent is usually measured using 
methods such as linear regression on log-log transformed 
power spectra9 (fig. 1A). It is suspected to reflect the bal-
ance between excitatory and inhibitory neurotransmissions 
in cortical circuits.2–4 Changes in the exponent have been 
linked to different physiologic and cognitive states, includ-
ing anesthesia.8 More specifically, the steepness of this neg-
ative slope represents a marker of neural activity balance. 
For instance, steeper slopes (higher exponent values) have 
been associated with higher inhibitory processes. This is 

consistent with slope changes observed during the use of  
γ-aminobutyric acid A (GABA

A
) agonists, such as propo-

fol.8,10 On the contrary, flatter or less negative slopes (lower 
exponent value) have been linked to excitatory or facilita-
tory neuronal states. Such slope changes could be observed 
during the use of ketamine, which induces a disinhibition of 
excitatory glutamatergic neurons and a dissociative state by 
blocking the activity of cortical inhibitory interneurons.10 
Beyond its relevance to anesthesia, the aperiodic slope brings 
also other clinical insights into various brain states and disor-
ders. For example, deeper stages of sleep, such as slow-wave 
sleep, are associated with steeper aperiodic slopes, while 
wakefulness and rapid eye movement sleep are associated 
with flatter slopes.11,12 A flatter slope could also reflect poor 
neural regulation due to specific treatments in patients suf-
fering from schizophrenia13 or constitute a potential marker 
of seizure susceptibility in epileptic patients.14

The broadband offset of the EEG power spectrum rep-
resents the overall shift in power across all frequencies or the 
difference in power between the magnitude of the lowest 
and highest frequencies of the considered range (fig. 1B). 
The offset is more directly related to the total amount of 
neural activity. A higher offset value indicates a greater over-
all neural activity, while a lower offset value would indi-
cate a general suppression of brain activity.3,9 However, as 
illustrated by Donoghue et al.,3 careful parameterization, 
particularly of the frequency range, is essential to avoid mis-
interpreting variations in broadband offset power and there-
fore mischaracterizing changes in oscillatory activity. An 
increase in the aperiodic exponent can lead to a reduction 

Fig. 1.  Illustration of periodic and aperiodic activity on the electroencephalography (EEG) power spectrum (blue curve) of a single patient 
under general anesthesia before and after extraction of the 1/f activity. (A) Aperiodic activity represented in log-log scale, the aperiodic activ-
ity follows a linear decay (red line) characterized by the offset (y intercept) and the exponent (slope). (B) Corrected spectrum (yellow curve) 
illustrating the EEG power spectrum after subtraction of the aperiodic fit (red curve), with broadband offset (dashed black line) representing 
the difference in power between the magnitudes of the lowest and highest frequencies.

Copyright © 2025 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.
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in broadband offset power, which may be erroneously inter-
preted as a global decrease in neuronal activity when anal-
yses are restricted to a narrow frequency band of interest.3

Similarly to the 1/f exponent, the broadband offset could 
provide some information about cortical excitability and 
brain function, which is particularly relevant for monitoring 
the depth of anesthesia. Indeed, an increase in broadband 
offset might indicate a gradual loss of consciousness using 
GABA-mediated hypnotics,15,16 while a decrease of the off-
set value could be a potential marker of emergence from 
anesthesia.17

Methodologic Approaches
Two toolboxes with different approaches are frequently 
used to characterize the aperiodic EEG activity, the fitting 
oscillations and one-over-f (FOOOF),3 and the irregular 
resampling auto-spectral analysis (IRASA).18 The IRASA 
algorithm estimates the aperiodic component by up- and 
down-resampling the time domain signal using several res-
ampling factors and their inverse. Then, each pair of res-
ampled power spectra is averaged, and the median of all 
averaged spectra is used to isolate the aperiodic slope in 
log-log space.18

Alternatively, the FOOOF algorithm estimates a linear 
fit of the EEG power spectra in log-log space and then 
removes it to flatten the spectrum. Subsequently, oscillatory 
components are fitted iteratively using a Gaussian model 
from the flattened spectrum and subtracted from the orig-
inal spectrum to isolate the aperiodic component.19 From 
both methods, a linear fit of the power spectra gives an 
estimate of the y-intercept (offset) and slope (exponent).

The advantages and disadvantages of both algorithms 
have been thoroughly examined by Gerster et al.9 with 
the objective of offering recommendations and avoiding 
parameterization errors. The primary distinction between 
these two methods lies in their approach to parameteriza-
tion. FOOOF is well suited for studies that require explicit 
parameterization of oscillatory and aperiodic components, 
with case-by-case definition of the fitting ranges. As the 
selection and parameterization of the toolbox may influ-
ence the results, the choice of the fitting range depends 
on the goal of the study and the properties of the data. For 
instance, when comparing the 1/f exponent across condi-
tions, the presence of stronger low-frequency (e.g., delta) 
oscillations in one condition may elevate the y-intercept if 
the fitting range begins at 1 Hz, potentially resulting in a 
steeper 1/f slope.9 In contrast, IRASA is more appropriate 
for applications that prioritize a clear separation of periodic 
and aperiodic activity without the need for explicit param-
eterization, typically employing a broadband fitting range.9

In addition to these two methods, detrended fluctuation 
analysis offers an alternative way to characterize the EEG 
activity by focusing on the temporal dynamics of signal fluc-
tuations.20,21 The output of this analysis (Hurst exponent) is 
conceptually and mathematically related to the aperiodic 

exponent obtained from ISARA or FOOOF approaches 
and offers complementary insights for EEG analysis.

Finally, changes in 1/f slopes should be compared and 
controlled under conditions in which electromyography 
(EMG) activity, or any other activity affecting the EEG spec-
trum, is comparable to allow for a valid interpretation of 1/f 
slope variations. Donoghue et al.3 reported that significant 
correlations can be observed between the scalp distribution 
of the aperiodic exponent and the scalp distribution of cer-
tain frequency bands. The assessment of those different scalp 
topographies and the selection of channels of interest are 
likely important considerations to ensure fair interpretations 
of changes in periodic and aperiodic activities.22

Neurophysiologic Implications
Cognitive Neuroscience

Aperiodic activity has been extensively studied in the pre-
vious decade. In 2017, Gao et al. developed a computational 
model, based on published and validated data from rats and 
macaques, to demonstrate the relationship between changes 
in the neural excitation/inhibition (E/I) balance and the 
exponent (β) of the 1/f decay.23 They simulated local field 
potential (LFP), which represents a linear summation of 
total excitatory and inhibitory currents recorded from pop-
ulations of cells in the vicinity of the electrode and reflect-
ing collective neural dynamics.24 By increasing inhibitory 
inputs received by the network simulating LFP activity and 
then reducing the E/I ratio, they found a steeper 1/f slope 
from the aperiodic activity. This result was then validated in 
vivo by administering propofol to macaque monkeys lead-
ing to steeper power spectra.23 The 1/f slope, as a reflec-
tion of the excitation/inhibition balance within recurrent 
neural networks, is related to cognitive changes that par-
allel aging.25,26 Greater asynchronous neural activity and 
decline in cognitive performance are related to decreased 
exponent and intercept, resulting in a flatter 1/f slope.7,26 In 
2023, Dziego et al.7 studied fluctuations in oscillatory and 
aperiodic activity alongside three standard computerized 
cognitive tasks. Their objective was to assess visual statis-
tical learning ability, working memory capacity, and spatial 
imagery proficiency throughout a dynamic and complex 
cognitive task integrating dynamically changing informa-
tion over time. They observed that a higher intercept has 
been related to a potential better neural network commu-
nication allowing enhanced performance.7 A higher inter-
cept potentially reflecting an increased neural population 
spiking.27,28 These results support previous study by Immink 
et al.29 demonstrating a positive correlation between higher 
intercept and enhanced visuomotor learning. To demon-
strate a relationship between information processing and 
aperiodic 1/f activity, Gyurkovics et al.30 analyzed broad-
band changes in EEG during an auditory task both before 
and after removing event-related potentials as confounding 
factors. They found significant modification in 1/f activity 
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in lower frequencies (between 2 and 25 Hz) explained by an 
increased inhibition following stimulus onset. Furthermore, 
the breadth of the 1/f modification between postevent and 
pre-event was related to the attentional demands of the task.

Aperiodic activity also varies with level of arousal, 
human sleep cycle, exogenous stimuli, and cognitive 
demands.19 A steeper slope has been observed in non–rapid 
eye movement sleep reflecting a state of increased inhibi-
tion.11,31 These results reflect the complexity of the physio-
logic mechanisms underlying this EEG component whose 
functional role remains controversial.

Neuropathology

Aperiodic activity is variable and dynamic within and 
between subjects according to clinical diagnoses. Subjects 
with attention deficit hyperactivity disorder,32,33 schizo-
phrenia,13,34 and autism spectrum disorders35 showed altered 
1/f slopes when compared to neurotypical controls. A flat-
ter slope was observed in both attention deficit hyperactiv-
ity disorder and autism spectrum disorders, whereas patients 
with schizophrenia exhibited a steeper slope. Alteration in 
the aperiodic component was also investigated in relation 
to symptom severity in Parkinson’s disease.36

EEG, typically regarding to its power modification across 
canonical frequency bands, may also be used as a tool to help 
treating and predicting outcomes for patients suffering from 
stroke.37 In 2022, Lanzone et al.38 demonstrated a decreased 
E/I ratio, leading to a steeper 1/f slope and a lower exponent 
(β), occurring after an ischemic stroke. Exponent normal-
ization correlated with clinical improvement. A few studies 
suggest that aperiodic activity could be superior to oscilla-
tory activity in assessing patients’ level of consciousness and 
outcomes following traumatic brain injury and stroke, mak-
ing the exponent (β) a potential future marker to monitor 
states of reduced consciousness such as minimally conscious 
state, status epilepticus and coma.5,11

Clinical Application in Anesthesiology
Excitation/Inhibition Ratio

Colombo et al.10 demonstrated that in healthy subjects, loss 
of consciousness induced by xenon and propofol adminis-
tration led to an increase of the exponent (β), i.e., a steeper 
1/f slope. This pattern was potentially due to the changes 
in neural E/I ratio with an increase in inhibition mediated 
by propofol GABA

A
 potentiation. Potentiation of GABA

A
 

receptors results in reduced action potential generation and 
enhanced hyperpolarization within the thalamocortical sys-
tem, leading to a steeper 1/f slope.39 The mode of action of 
xenon on E/I ratio remains unclear. Although acting as a 
noncompetitive inhibitor of N-methyl-d-aspartate recep-
tor, xenon generates neuronal disfacilitation, a type of inhi-
bition characterized by neuronal hyperpolarization resulting 
from a temporary lack of excitatory synaptic input,40 simi-
lar to active inhibition.10 Ketamine administration induced 

slight reduction in the exponent (β). Nonetheless, an 
overlap was observed between the exponent (β) obtained 
during ketamine administration and during wakefulness 
across participants.10 Interestingly a recent study suggested 
that aperiodic activity is driven by the E/I ratio but was 
not a reliable measure of this ratio due to the physiologic 
properties of GABA and α-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid receptor membrane potentials.8

Several studies have reported propofol-induced changes 
in the slope in the 30- to 45-Hz range, spectral slope in 
high frequency emerging as a reliable marker of arousal 
level variations under anesthesia.5,10,11,23,41 Brake et al.8 stud-
ied the influence of a fixed rate propofol infusion on the 
aperiodic activity in 14 patients. They analyzed the EEG 
with the FOOOF algorithm and observed an increase in 
the exponent (β) before loss of consciousness, followed by 
a plateau phase, corresponding to a steepening in the power 
spectrum around the 25-Hz frequency range.8

Current Literature in the Field of Anesthesiology

Exponent as a Potential Marker of Unconsciousness and 
Emergence. In a recent study, Zhang et al.41 investigated 
the potential of aperiodic activity as a marker of anesthetic 
depth. Changes in the 1/f slope were analyzed during an 
ultra-slow propofol infusion protocol in healthy participants. 
Transitions between different states of consciousness, 
including the presence of reactivity, loss of behavioral 
responsiveness, loss of consciousness (LOC), and recovery 
of reactivity, were identified based on response latency to 
auditory stimuli. Their findings indicated that the 1/f slope 
was significantly correlated with the state of consciousness. 
Compared to wakefulness, the 1/f slope steepened (i.e., 
the exponent [β] increased) during loss of behavioral 
responsiveness and continued to steepen during loss of 
consciousness. A steeper spectral slope was also associated 
with the transition from light to deep sedation. During 
recovery, the spectral slope became progressively flatter (i.e., 
decrease of the exponent [β]).41

In a prospective study, Leroy et al.15 characterized 
both the offset and exponent (β) during the transition to  
propofol-induced unconsciousness in a cohort of young (18 
to 30 yr old) and elderly (70 yr or older) patients. Consistent 
with findings of Zhang et al.,41 the results of Leroy et al.15 
showed an increase in the exponent (β), i.e. a steeper slope, 
in both groups at time of loss of consciousness correspond-
ing to an increased inhibition. The elderly cohort reported 
an earlier increase of the exponent (β) occurring between 
the pre-LOC time window (defined as 105 to 75 s before 
LOC) and LOC. They also reported a decrease of the expo-
nent shortly before LOC in both groups, more pronounced 
in the young group, possibly reflecting a phenomenon of 
paradoxical excitation.42 Regarding the offset, they observed 
an increase between pre-LOC and LOC in both groups. 
The young group showed a further increase of the offset 
in the post-LOC time window defined between 190 and 
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220 s after LOC.15 Steepening of the slope during loss of 
consciousness was confirmed by several recent studies,39,41 
in which an increase of the exponent was observed after 
loss of consciousness, allowing consideration of the expo-
nent (β) as a potential biomarker to improve discrimination 
between consciousness and unconsciousness. On the con-
trary, emergence was marked by a decrease of the exponent 
(β), suggesting that it could be used as a potential electro-
encephalographic marker of arousal.11,17,31,41 The summary 
characteristics of the above-mentioned clinical research 
studies on aperiodic features, involving patients undergoing 
surgery, are detailed in table 1.

Age-related Feature of the Aperiodic Activity and 
Depth‑of‑anesthesia Monitoring. As mentioned previously, 
a decreased exponent, resulting in a flatter 1/f slope, is 
observed in elderly populations.26,45 This observation 
has been assumed to be the consequence of greater 
asynchronous neural activity and seems to parallel the 
cognitive decline observed in this population.7,26 Under 
general anesthesia, elderly patients exhibit a reduction of 
the spectral magnitude of the EEG signal mainly in the 
alpha frequency range.46 To assess whether variations of 
the broadband offset is in part responsible for this power 
reduction, a few studies subtracted the underlying aperiodic 
activity from the power spectral density signal. Leroy et al.15 
observed similar spectrogram in the alpha, beta, and low 
gamma frequency bands in elderly and young patients after 
removing the aperiodic fit. This suggested a significant 
impact of the aperiodic component on age-related power 
modifications. This was in line with the results of Kaiser et 
al.43 showing a major reduction in oscillatory alpha power 
correlated with age, comorbidities and minimal alveolar 
concentration once aperiodic activity had been subtracted. 
In 2020, Kreuzer et al.44 demonstrated that aging alters the 
aperiodic components of the EEG in patients under general 
anesthesia by comparing EEG recordings from the youngest 
and oldest quartiles of the study population. Older patients 
exhibited a flatter 1/f slope compared to younger patients. 
In addition, the offset was significantly decreased in the 
elderly group. The described relationship between aperiodic 
component and age may provide new considerations for 
further development of processed EEG monitors, especially 
in cognitively frail patients with comorbidities.

Regarding available depth of anesthesia, although 
depth‑of‑anesthesia monitors like Bispectral Index 
(Medtronic, USA) are often described as relying on oscil-
latory power ratios (e.g., 30 to 47 Hz vs. 11 to 20 Hz).47 It 
has been recently suggested that they predominantly track 
broadband attenuations in high‑frequency EEG power.39 
This operational mechanism closely parallels the aperi-
odic exponent (β) approach, meaning that both methods 
quantify essentially the same neurophysiological change: 
the steepening of the EEG’s 1/f slope with sedation, either 
implicitly (in processed EEG indices) or explicitly (through 
β-exponent analysis). Similar mechanisms may be assumed 
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for other depth-of-anesthesia monitors, such as SedLine 
(Masimo Corporation, USA) or Narcotrend (Narcotrend 
Group, Germany). Notably, Schuller et al.48 recently inves-
tigated the influence of electromyographic activity on 
the indices generated by depth-of-anesthesia monitoring 
devices. They demonstrated that the GE Entropy monitor 
(GE HealthCare, Finland) produces values consistent with 
deep sedation or anesthesia in awake subjects undergoing 
neuromuscular block, due to its reliance on EMG activ-
ity. When EEGs recorded during drug-induced paralysis 
on 11 volunteers were submitted to the entropy monitor, 
both state entropy (a measure of the irregularity of the EEG 
signal in the 0.8- to 32-Hz range) and response entropy 
(an extended entropy index calculated greater than 0.8- 
to 47-Hz, including both EEG and high-frequency EMG 
components) significantly decreased despite preserved con-
sciousness. A marked reduction in EEG power spectrum 
was observed, suggesting a steepening of the 1/f slope, 
most prominently above 20 Hz but also within the delta 
and theta bands.48 These results indicated the importance 
of accounting for muscle activity in depth-of-anesthesia 
monitors such as the entropy monitoring to ensure accurate 
interpretation of variations of the frequency content of the 
EEG during both wakefulness and anesthesia.

A Biomarker for Postoperative Delirium? More and more 
studies on aperiodic activity have been carried out in the 
anesthesiology field to determine its clinical relevance as a 
potential biomarker of cognitive frailty. In a recent study, 
Lendner et al.49 investigated the impact of general anesthesia 
on brain activity associated with memory function in patients 
aged 60 and older undergoing prostatectomy. Specifically, 
they examined oscillatory and aperiodic EEG dynamics 
1 day before and 2 to 3 days after surgery, using both 
neuropsychological assessment and a visual working memory 
task. They observed a general decline in verbal learning 
following anesthesia compared to preoperative performance. 
Notably, patients who exhibited a flatter 1/f spectral slope 
after anesthesia demonstrated better performance on verbal 
memory tasks, in terms of both word recall and learning rate. 
This study suggested that aperiodic activity may serve as an 
electrophysiologic biomarker for evaluating postoperative 
cognitive function.49 Regarding postoperative delirium, 
Ostertag et al.17 investigated the difference in aperiodic 
broadband offset and exponent between patients with 
and without postanesthesia care unit delirium. EEG was 
recorded during emergence. No difference was observed 
on the exponent. However, offset was significantly higher 
in patients without delirium. More important, the aperiodic 
components did not improve discrimination between patients 
with and without delirium compared with conventional 
frontal α-band power analysis.17 One observational study16 
aimed to identify EEG predictors of postoperative delirium 
by recording and analyzing the EEG of patients the day 
before surgery and 1, 2, and 15 min after propofol-induced 
loss of consciousness. Patients who developed postoperative 

delirium showed a decreased power in the alpha and beta 
bands at 1 min after loss of consciousness and a decreased 
broadband offset at 15 min after LOC as compared to before 
surgery. In brief, in these studies, postoperative delirium 
was associated with a decreased aperiodic offset suggesting 
lower overall neural activity and greater cognitive frailty. 
Future research will need to determine the potential utility 
of aperiodic activity in assessing cognitive impairment and 
preventing postoperative delirium.

Conclusions and Perspectives

Aperiodic activity, previously dismissed as noise in tra-
ditional EEG analyses, has emerged as a potential signif-
icant component in understanding neural dynamics. The 
aperiodic activity offset and 1/f slope, influenced by the 
excitation/inhibition (E/I) balance, have been linked to cog-
nitive performance, aging, and various neuropathological  
conditions. Their modifications during propofol-induced 
loss of consciousness and emergence and according to age 
and cognitive function can potentially be used to iden-
tify cognitive frailty and to perform an optimized EEG-
based anesthesia. Despite these promising insights, current 
literature has not established a superiority of aperiodic 
activity over oscillatory activity as a biomarker of cogni-
tive frailty. However, several studies suggest a major role 
of aperiodic activity in age-related spectral modifications 
under general anesthesia, potentially influencing the out-
put of currently available depth-of-anesthesia monitors 
as the reflection of a combination of both oscillatory 
and aperiodic activity. Moreover, aperiodic activity could 
be used as a potential electroencephalographic marker 
to improve discrimination between consciousness and 
unconsciousness. Future research is required to examine 
its clinical applications and suitability for implementation 
in processed EEG monitors.
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