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Signal, Not Noise: Aperiodic Dynamics in the
Electroencephalogram Under Anesthesia
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experiment. Imagine and hold in your mind’s-

eye, if you can,! one of the small, brightly-
colored, bubble-shaped iMacs (Apple) from the turn
of the century. If you are a resident today, then it is
quite possible that this is the earliest home com-
puter that you can recall from your own lifetime.
However, suppose that this small computer comes to
us not from our own ingenuity but as a gift of a more
advanced culture; our own technology being some 75
years behind and no more advanced than the early
days of radio. What might we be able to understand
about the internal workings of the computer using
the technology that we do have? We might determine
that we can pick up different frequencies of radioac-
tivity coming off from the computer. For example,
we would be able to pick up a low frequency of 60
Hz from the power supply, a frequency of around 70
kHz from the cathode ray tube monitor scanning pix-
els across the screen, a peak at around 66 MHz from
the timing of information transfer on the system bus,
and perhaps even the frequency of the processor itself
at 233 MHz. All of these would show up as peaks of
intensity on a spectrogram. However, we would not
expect to be able to look at the radio spectrogram and
understand important but complex user events like
moving the mouse, doing calculations, or opening
and editing a document. These events do not occur
on precise, repeating timescales and can be described
as being “scale-free.” The effect of these events on the
spectrogram would be to create something that would

Let’s indulge in a pleasant and diverting thought

Brigham and Women’s Hospital-Harvard Medical School, Boston,
Massachusetts; and 2Department of Pharmacology, Physiology and
Biophysics, Boston University, Boston, Massachusetts.

Accepted for publication April 4, 2025.

Conflicts of Interest, Funding: Please see DISCLOSURES at the end of this
article.

Reprints will not be available from the author.

Address correspondence to Dr Christopher W. Connor, MD, PhD,Department
of Anesthesiology, Perioperative and Pain Medicine, Brigham and Women'’s

Hospital, 75 Francis St, CWN-L1,Boston, MA 02115.Address e-mail to ccon-
nor@bwh.harvard.edu.

Copyright © 2025 International Anesthesia Research Society
DOI: 10.1213/ ANE.0000000000007577

February 2026 e Volume 142 ¢ Number 2

resemble a broad, almost indecipherable background
noise in the power spectrum against which the more
evident frequency peaks from the power supply,
screen, bus, and processor would arise. Obviously,
though, we would be making a mistake if we wholly
disregarded this background, scale-free information
just because it is challenging to analyze.

Scale-free dynamics like these are common in com-
plex natural systems, such as seismic activity, stock
market fluctuations, and even the human electroen-
cephalogram (EEG).? The power distribution against
frequency in these systems tends to follow a power-
law distribution in which the signal power P drops
off proportionately as frequency increases with a rela-
tionship of P o< f=#, where f8 is called the aperiodic
exponent and larger values of § cause the power to
drop off more quickly. This value of 8 is often close
to 2, as is the case for seismic waves in the vicinity of
Nevada, the Dow Jones Index, or the electrical activ-
ity of the awake human cortex.® The value of  can be
estimated easily by comparing the power in a loga-
rithmic unit like decibels (dB) against the logarithm
of the frequency, or by plotting power and frequency
on logarithmic axes: the spectrogram then becomes a
download sloping straight line with £ as the negative
gradient (since log P o< —3logf). Because this back-
ground signal can also be written as P oc 1/f7 it is
sometimes referred to as “one-over-fnoise.” However,
it is not strictly correct to call it noise. The underlying
signal may contain lots of scale-free information, it is
just that when plotted as a spectrogram it contains
no easily discernable peaks to examine and interpret
because the information is not constrained within cer-
tain repetitive frequencies.

Consequently, we can say that the human EEG con-
tains both periodic and aperiodic components.* The
periodic components are activity that is focused in the
5 classic EEG frequency bands, producing peaks in
the delta band (1-4 Hz) seen with sleep;’® theta band
(4-8 Hz) seen with attention, cognition and memory
recall;® alpha band (8-12 Hz) seen with visual atten-
tion and relaxed wakefulness;” beta band (12-30 Hz)
seen with voluntary suppression of movement;® and

www.anesthesia-analgesia.org 245

Copyright © 2025 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.


mailto:cconnor@bwh.harvard.edu
mailto:cconnor@bwh.harvard.edu

Signal, Not Noise

gamma band (30-100 Hz) seen perhaps with the bind-
ing of sensory experience into consciousness.’ In con-
trast, the aperiodic component is the broad spectrum
“one-over-f” background, against which these peaks
are visible. The study of the periodic oscillations goes
back to the discovery of the EEG in the 1920s. Until
recently, comparatively little has been said about the
aperiodic background.

In this issue, Dr Kreuzer and colleagues examine
the implications of separating the power spectrum
under anesthesia into both its aperiodic and peri-
odic components, using analytic techniques called
Variational Mode Decomposition (VMD) and “fitting
oscillations and one-over-f” (FOOOF).1* FOOOF, for
example, proceeds as an iterative operation: first, the
best 1/f* aperiodic fit is made to the spectrogram data
overall, then several additional normal distributions
are calculated to approximate the visible periodic fre-
quency peaks. Subsequently, the original data can be
refit minus these peaks to produce a better approxi-
mation of the underlying aperiodic component. Then,
the periodic component can be fit again, and so on.
Ultimately, the EEG is separated out into its individ-
ual periodic (“oscillations”) and aperiodic (“one-over-
f”) constituent parts.

Why might this be an important and useful thing
to do? A recent article by Brake et al examined the
apparent changes in EEG signal power during induc-
tion with propofol."! When we look at the EEG power
spectrum as a whole, the process of loss of conscious-
ness (LOC) with propofol induction is associated with
increasing power in the delta, alpha, and beta bands,
although without any apparent sharply time-locked
change at the moment of LOC itself.!>? However, Brake
et al demonstrated that these changes in the EEG
result not only from the effects of propofol on periodic
oscillations but also from the effect of propofol on the
synaptic deactivation kinetics of GABA receptors: an
aperiodic effect. Once the EEG data are effectively
detrended or deskewed of its aperiodic component,
an alternative interpretation emerges. The alpha
and beta power rise but already plateau before LOC
occurs, whereas the detrended delta power increases
sharply at the moment of LOC. Separating the EEG
spectrogram into its aperiodic and periodic compo-
nents fundamentally alters our interpretation of the
mechanistic interplay between the pharmacological
effect and the EEG biomarkers.

Dr Kreuzer and colleagues now take this analysis
further by considering the role of periodic and ape-
riodic components in quantifying and differentiat-
ing anesthesia as accomplished with either propofol
or with volatile agents. As far as we know, all cur-
rent depth-of-anesthesia monitors in contemporary
clinical use operate on the power spectrum taken
as a whole.’*%5 Also, all current depth-of-anesthesia
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monitors treat all anesthetics as essentially the same:
the algorithms do not attempt to identify the agents in
use from the spectrogram or by asking the clinician.
There is no adaptation, which the authors describe
correctly as a “one-size-fits-all approach.” In practice
so far, the characteristic EEG spectra under anesthesia
with propofol and with sevoflurane are discernably
different but also just about similar enough'® that it
is been possible to craft a processing algorithm that
covers both these bases. However, the authors” work
holds out the possibility of developing better index
algorithms that are able to capture more precisely
the contributions of these agents to the anesthetized
state. For example, the authors find a difference in the
aperiodic exponent 5 between propofol (8 = 2.45) and
sevoflurane (8 = 2.71).

If this all seems esoteric, let’'s consider a real,
practical example. Figure A shows the density spec-
tral array (DSA) for a case conducted using general
anesthesia, lasting a total of 220 minutes. This DSA is
obtained from true intraoperative EEG signal using
patient data previously reported in this journal.>1”
Prominent delta and alpha power bands are visible
between about 30 and 180 minutes, as would be con-
sistent with general anesthesia obtained either with
propofol or sevoflurane, during the major surgical
stages of the procedure. Qualitatively, propofol tends
to produce delta and alpha bands that are delineated,
whereas the DSA signature of sevoflurane tends to
feature more infilling of the power between these 2
bands.!® In this context, the interpretation of Figure
A looks ambiguous—which anesthetic agent was it?
Figure B shows the power spectral density obtained
using an EEG sample from the midpoint of the case.
The delta and alpha peaks are strongly present in the
power spectrum but, particularly at higher frequen-
cies, we see the signal that looks noise-like but actu-
ally represents scale-free activity. Figure C shows
exactly the same data as in Figure B but now after
log-log transformation of the axes, allowing us to
observe the aperiodic activity more clearly. Using
regression between 0.1 and 50 Hz, we can perform
a one-over-f fitting, which gives an aperiodic expo-
nent 5 of 2.70. This is agreeably concordant with the
authors” measurements of f§ for sevoflurane, which
would imply that sevoflurane was the anesthetic
agent in question. And, in fact, that is correct: it was
sevoflurane.

Ultimately, we would have to be rather naive to
believe that 2 anesthetic plans are functionally iden-
tical simply if they happen to produce an identical
processed EEG index from a contemporary moni-
tor. For the purposes of careful scientific inquiry,
even small differences may matter. A current active
area of research is the relation of alpha-band power
to deleterious surgical outcomes such as delirium
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Figure. A practical example of using aperiodic dynamics to identify an anesthetic agent.A, The density spectral array for the EEG signal
obtained during a surgical case lasting a total of 220 min, including anesthetic induction and emergence.B, The power spectral den-
sity obtained at the midpoint of the case (110 min). Delta and alpha peaks are very prominent. This spectrum was calculated using a
10-second segment of frontal EEG signal obtained at a sampling rate of 128 Hz. The power spectrum therefore has an upper Nyquist limit
of 64 Hz and a resolution of 0.1 Hz. Frequencies up to 50 Hz are shown.C, The same data as in (B), but now plotted on log-log axes. A one-
over-f fitting between 0.1 Hz and 50 Hz produces an aperiodic exponent 3 of 2.70. Power is shown using decibel units for familiarity. A  value
of 2.70 corresponds to a line with a gradient of —27.0 because the unit of a decibel is 10 times the base-10 logarithm of the power. EEG

indicates electroencephalogram.

and postoperative cognitive dysfunction. One of the
challenges here may lie in mechanistically relating a
periodic EEG component such as alpha power to a
scale-free phenomenon such as the ordered working
of human cognition. Perhaps to compare outcomes
results and biomarkers between studies using vola-
tile anesthetics versus propofol, we may need to
consider the role of the aperiodic component in addi-
tion to more obvious periodic EEG quantities such
as the apparent alpha power. Furthermore, the use
of multimodal adjunct agents such as dexmedeto-
midine and ketamine has become much more com-
mon in contemporary practice in our push to reduce
or spare the use of opioids. Ketamine in particular
moves the alpha peak'® and produces effects on the
EEG spectrogram'® that are confounding to current
processed EEG indices.”® A processed EEG algorithm
that would be capable of reliably and automatically
determining the ensemble hypnotic and analgesic
effects of combinations of all of these agents could be
of real clinical utility. &&

DISCLOSURES

Conflicts of Interest: Dr Connor has consulted for Teleflex, LLC
on issues regarding airway management and device design and
General Biophysics, LLC on inhalational kinetics. These activi-
ties are unrelated to the material in this submission. Funding;:
This work was supported through NIH R35 GM145319. This
manuscript was handled by: Peter A. Goldstein, MD.

February 2026 e Volume 142 ¢ Number 2

REFERENCES

1.

2.

10

11

Copyright © 2025 International Anesthesia Research Society.

Zeman A, Dewar M, Della Sala S. Lives without imagery—

congenital aphantasia. Cortex. 2015;73:378-380.

He BJ, Zempel JM, Snyder AZ, Raichle ME. The temporal

structures and functional significance of scale-free brain

activity. Neuron. 2010;66:353-369.

. He BJ. Scale-free brain activity: past, present, and future.
Trends Cogn Sci. 2014;18:480—-487.

. Donoghue T, Haller M, Peterson EJ, et al. Parameterizing
neural power spectra into periodic and aperiodic compo-
nents. Nat Neurosci. 2020;23:1655-1665.

. HofleN, Paus T, Reutens D, et al. Regional cerebral blood flow
changes as a function of delta and spindle activity during
slow wave sleep in humans. ] Neurosci. 1997;17:4800-4808.

. Tesche CD, Karhu J. Theta oscillations index human hippo-
campal activation during a working memory task. Proc Nat!
Acad Sci U S A. 2000,97:919-924.

. Jensen O, Gelfand J, Kounios J, Lisman JE. Oscillations in the
alpha band (9-12 Hz) increase with memory load during reten-
tion in a short-term memory task. Cereb Cortex. 2002;12:877-882.

. Zhang Y, Chen Y, Bressler SL, Ding M. Response prepara-
tion and inhibition: the role of the cortical sensorimotor beta
rhythm. Neuroscience. 2008;156:238-246.

. Koch C, Massimini M, Boly M, Tononi G. Neural correlates
of consciousness: progress and problems. Nat Rev Neurosci.
2016;17:307-321.

. Dragovic SZ, Ostertag J, Baumann N, et al. Spectral dif-
ferences of anesthetic agents: adressing fundamental
problems with new methods. Anesth Analg. 2026;142(2):
249-260.

. Brake N, Duc F, Rokos A, et al. A neurophysiological basis

for aperiodic EEG and the background spectral trend. Nat

Commun. 2024;15:1514.

www.anesthesia-analgesia.org 247

Unauthorized reproduction of this article is prohibited.



Signal, Not Noise

12. Purdon PL, Pierce ET, Mukamel EA, et al
Electroencephalogram signatures of loss and recovery
of consciousness from propofol. Proc Natl Acad Sci U S A.
2013;110:E1142-E1151.

13. Connor CW. Open reimplementation of the BIS algorithms
for depth of anesthesia. Anesth Analg. 2022;135:855-864.

14. Drover D, Ortega HR. Patient state index. Best Pract Res Clin
Anaesthesiol. 2006;20:121-128.

15. Viertio-Oja H, Maja V, Sarkela M, et al. Description of the
entropy algorithm as applied in the Datex-Ohmeda S/5
entropy module. Acta Anaesthesiol Scand. 2004;48:154-161.

16. Purdon PL, Sampson A, Pavone KJ, Brown EN. Clinical
electroencephalography  for  anesthesiologists:  Part
I: background and basic signatures. Anesthesiology.
2015;123:937-960.

248 www.anesthesia-analgesia.org

Copyright © 2025 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.

17.

18.

19.

20.

Connor CW. A forensic disassembly of the BIS monitor.
Anesth Analg. 2020;131:1923-1933.

Tsuda N, Hayashi K, Hagihira S, Sawa T. Ketamine, an
NMDA-antagonist, increases the oscillatory frequencies of
alpha-peaks on the electroencephalographic power spec-
trum. Acta Anaesthesiol Scand. 2007;51:472-481.

Sleigh J, Pullon RM, Vlisides PE, Warnaby CE.
Electroencephalographic slow wave dynamics and loss of
behavioural responsiveness induced by ketamine in human
volunteers. Br | Anaesth. 2019;123:592-600.

Linassi F, Troyas C, Kreuzer M, et al. Effect of ketamine
on the bispectral index, spectral edge frequency, and
surgical pleth index during propofol-remifentanil anes-
thesia: an observational prospective trial. Anesth Analg.
2025;140(6):1276-1285.

ANESTHESIA & ANALGESIA



