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Abstract

Objectives. – Investigation of the amplitude modulation of alpha-band EEG oscillations (i.e., grouping of alpha-band activities) by delta-band EEG
activities in various depths of anesthesia (DOA).
Methods. – This modulation, which is a sort of phase dependent amplitude modulation, is studied in 10 children in various depths of Desflurane
anesthesia. Two parameters are defined to quantify the modulation: strength of modulation (SOM) and phase of modulation (POM). SOM indicates
to what extent delta and alpha activities are related to each other, and POM is the delta phase in which the alpha amplitude is maximal. These
parameters are analyzed in different DOA for various formations of delta sub-bands.
Results. – The ability of POM and SOM were explored to characterize mechanisms contributing to delta activities and their correlation with
the level of anesthesia. These parameters are influenced by DOA and frequency intervals of delta sub-bands. SOM takes higher values around
certain frequency ranges of delta band. According to this, delta band comprises three main sub-bands in various unconsciousness levels. Although
boundaries of these sub-bands change with DOA, they are almost in [0.1–0.5] Hz (very slow delta), [0.7–1.7] Hz (slow delta) and [2–4] Hz (fast
delta) intervals. POMs relating to slow and fast delta bands increase with consciousness level. This is an indication that delta waves differently
modulate alpha EEG activities (in terms of phase lag) in different DOA. In deep anesthesia, POM relating to fast delta correlates with DOA
better than POM relating to slow delta does. In light anesthesia this correlation is inversed. Investigation regarding to different formations of delta
sub-bands shows that POM relating to [1.8–4] Hz is a proper choice for distinguishing deep, moderate and light anesthesia.
Conclusion. – SOM allows separating mechanisms underlying delta band activities, and POM can be seen as a complementary neurophysiologic-
based parameter for quantifying DOA.
© 2009 Elsevier Masson SAS. All rights reserved.
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Résumé

Dans le présent article, la modulation des ondes Alpha par des activités EEG plus lentes est étudiée à diverses profondeurs d’anesthésie sous

Desflurane. Cette modulation, qui de type modulation d’amplitude dépendante de la phase, est considérée dans le cas de dix enfants. La modulation
est mesurée par le biais de deux paramètres appelés respectivement phase de la modulation et taux de la modulation (POM, SOM). Ces paramètres
sont calculés pour différents regroupements de sous-bandes de la bande Delta et sont utilisés pour isoler différents mécanismes neurophysiologiques
contribuant à la génération de l’activité dans la bande Delta, et pour déterminer la profondeur d’anesthésie. L’interprétation du paramètre SOM
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indique que la bande Delta comporte trois sous-bandes principales correspondant approximativement aux intervalles [0,1–0,5], [0,7–1,7] et [2–4]
Hz (activité très lente, lente et rapide). Néanmoins, les limites de ces bandes sont susceptibles de varier avec la profondeur d’anesthésie. Les
variations de POM en lien avec le volume du Désflurane indiquent que ce paramètre peut contribuer à l’évaluation de la profondeur d’anesthésie.
En anesthésie profonde, le paramètre POM relatif à l’activité rapide est plus corrélé à la profondeur d’anesthésie que ne l’est le paramètre POM
relatif à l’activité lente. Sous anesthésie légère, cette dernière situation est inversée. Les analyses statistiques comparatives menées montrent que

le paramètre POM pour la bande [1,8–4] Hz permet de distinguer correctement les niveaux d’anesthésie profonde, modérée et légère.
© 2009 Elsevier Masson SAS. Tous droits réservés.
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. Introduction

When an anesthetic agent is inducted and anesthesia deepens,
he electroencephalogram (EEG) becomes more regular before
isappearing into an isoelectric activity in very deep anesthe-
ia. In moderate to deep anesthesia the EEG is dominated by
lobally coherent slow waves activities in the delta frequency
ange [1]. Scalp EEG as well as single neurons show that delta
and may comprise different types of activities. Benoit et al.,
y the use of scalp EEG power spectra during non-REM sleep
howed that slow and fast delta components differently correlate
o alpha and beta frequency bands [2]. They considered [0.7–2]
z interval as slow delta and [2–4] Hz interval as fast delta.
tudies on neural activities by Steriade et al. [3,4], showed that
low oscillation (< 1 Hz) has the ability to trigger and group cor-
ical network firing, which correspond to higher frequency EEG
ctivities from delta ([1–4] Hz) to gamma ([30–60] Hz). Steri-
de et al., indicated (by the means of neuronal recordings) that
he hyperpolarized phase of slow oscillation is associated with
global dysfacilitation in corticothalamic networks resulting in

educed neural firing. The depolarizing phase, on the other hand,
s found to be accompanied by a corticothalamic facilitation of
eural firing. Fell et al., used the scalp EEG data during sleep
nd showed that sigma activity ([12–16] Hz) is modulated by
low EEG oscillations [5]. However, they did not find a strong
odulation between slow delta waves and gamma oscillations

n scalp EEG recordings as Steriade et al., had shown in their
euronal level recordings. In another study, Molle et al., found
hat grouping of spindle ([12–15] Hz) and fast activities in the
eta band ([15–25] Hz) are coincident with slow oscillations in
uman slow wave sleep [6]. Interestingly, it has been also shown
hat infraslow oscillations ([0.02–0.2] Hz) are also strongly syn-
hronized with faster activities, as well as with the interictal
pileptic events and K-complexes [7].

All above-mentioned studies examine the EEG or neural
ctivities during sleep or light Ketamine-Xylazine anesthesia.
t remained unclear, however, whether or not the modulation of
igh-frequency EEG activities by slow oscillations (in the delta
and) is independent of the level of unconsciousness induced
y anesthetic agents. In this study, we use Desflurane agent and
nvestigate the amplitude modulation of alpha waves by differ-
nt frequency components of delta band. Two parameters are
efined to characterize this modulation: phase of modulation

POM) and strength of modulation (SOM). These parameters
ave neurophysiologic bases, and somehow show the status
f information processing in the brain. They are analyzed in
0 children in different depths of anesthesia (DOA). SOM indi-
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ates to what extent delta and alpha activities are related to each
ther in terms of amplitude modulation, and POM is the delta
hase in which the alpha amplitude is maximal. Investigation
nto these parameters in microscopic and macroscopic scales
ot only has theoretical benefits but also may find some appli-
ations in-patient monitoring techniques. As an example, in this
rticle we show that POM can be helpful for quantifying DOA.
e also use SOM as a criterion to identify different types of

elta band components.
This paper is organized as follows. The methodology is given

n the next section. It contains description of EEG recording pro-
ocol and signal processing required for deriving POM and SOM
arameters. These parameters are reported for a single patient
o help readers become more familiar with POM and SOM con-
epts. Results are reported in section 3 and finally, discussions
nd suggestions for future studies form the last section of this
aper.

. Materials and methods

.1. Data recording protocol

After approval from the human studies committee,
0 children (eight males, two females, age 105 ± 21 month)
equiring elective surgery were recruited into the study with
arental consent. None of the children was premedicated. EEG
lectrodes (3 M Red Dot Silver/Silver Chloride model 2269T,
M Health Care, St Paul, USA) were placed adjacent to the
ediatric Bispectral Index (BISTM) electrodes (Aspect XPTM

edical Systems, Newton, IL, USA), which are located in the
rontal region of the brain (Fp, F7). BISTM monitor, which
s a commercial device (and thus it is a black box system),
ntegrates several disparate descriptors of the EEG into a sin-
le variable which is called BISTM [8]. These descriptors are
urst suppression ratio [9], Beta ratio (log[P30–47 Hz/P10–20 Hz]),
nd SynchFastSlow (log[B0.5–47 Hz/B40–47 Hz]) [10]. P stands for
ower spectrum, and B stands for bispectrum. To derive these
arameters, it is required that EEG is analyzed in time, frequency
nd bispectral [11] domains, respectively.

All EEG recordings (PowerLabTM, ADInstruments, Castle
ill, NSW, Australia) were started a few minutes after the intu-
ation when age corrected expired Desflurane concentrations

12] were stabilized at 2 MAC. For a 10-year old child, Des-
urane concentration is almost 7.5 Vol% at 1 MAC. According

o definition, 1 MAC is the Minimum Alveolar Concentration
f an anesthetic agent at 1 atmosphere pressure at which 50 %
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Fig. 2. A schematic representation of cumulative slow1 (CS1), narrow (N) and
cumulative fast (CF) delta sub-bands. Transitions between pass-bands and stop-
bands of delta sub-bands are indicated by green rectangles in both end sides of
pass-band horizontal bars. Since (δCS1

f
) and (δCS2

f
) sub-bands are only different

in their lower edge frequencies (i.e. 0.1 Hz vs. 0.6 Hz), (δCS2
f

) sub-bands are not
shown in this figure. Pass-band intervals of three filters have been indicated in
the figure. For example, δN

2.4 is characterized by [2.325 – 2.475] Hz pass-band
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ig. 1. Concentration of Desflurane changes stepwise (after intubation) from
to 1 and then to 0.5 MAC in 20 minutes. EEG signal is recorded continuously,
nd BIS index is registered once in every minute.

f patients still move in response to a noxious stimulus. EEG
ecordings were obtained in the absence of any surgical stimu-
ation. Fig. 1 illustrates the protocol that was followed to change
he drug concentration. Desflurane concentration changed step-
ise from 2 MAC to 1 MAC and then to 0.5 MAC during
0 minutes. After each transition, the concentration was kept
onstant for about 10 minutes until the target drug concentration
n the brain and EEG signals become stabilized. The surgery was
tarted a few minutes after the increase of drug concentration fol-
owing the twenty-minute EEG recording protocol. Sampling
ates of EEG signals were equal to 400 Hz, and BISTM index
as also recorded by the Aspect XPTM machine every minute,

ndependently from the EEG recordings [13].

.2. Signal processing

.2.1. Delta sub-bands and filtering
POM and SOM can be defined for any pair of EEG wave com-

onents. In this paper, the higher-frequency component always
elongs to [8–13] Hz frequency interval (which is referred
o as alpha component), whereas the lower-frequency compo-
ent may correspond to various delta sub-bands. In brief, delta
ub-bands considered in this study are categorized to one of
he following types: very slow δVS, slow δS, fast δF, narrow
δN
f ), cumulative slow1 (δCS1

f ), cumulative slow2 (δCS2
f ) and

umulative fast (δCF
f ). f-indexed symbols indicate a set of delta

ub-bands; for example, (δCS1
f ) consists of 25 delta sub-bands.

EG component corresponding to each of the above delta sub-
ands was extracted from raw EEG using band-pass elliptic IIR
lters (two cascaded high-pass and low-pass filters) provided
y MATLAB® (ellip function). Orders of the filters were deter-
ined by ellipord function. We set peak-to-peak ripples (Rp)
nd minimum required stop-band attenuations (Rs) of the filters
o 0.5 and 20 dB, respectively. In the following, characteristics
f the pass-band filters are described for all the abovementioned
elta sub-bands.

e
0
s
F

nterval (width: 0.15 Hz) and 0.05 Hz margins.

The intervals [0.1–0.5] Hz (very slow delta), [0.7–1.7] Hz
slow delta) and [2–4] Hz (fast delta) define δVS, δS and δF

ub-bands, respectively. Each of (δCS1
f ), (δCS2

f ), (δN
f ) and (δCF

f )

epresents a set of delta sub-bands (Fig. 2). (δCS1
f ) and (δCS2

f )
onsist of 25 and 19 sub-bands, respectively. Lower edge fre-
uencies of these two sets of sub-bands are set to 0.1 and
.6 Hz, respectively. Upper edge frequencies increase linearly.

sub-band is thus determined by setting f to a real number.
or example, sub-bands δCS1

2.4 and δCS2
2.4 correspond to intervals

0.1–2.4] Hz and [0.6–2.4] Hz, respectively. Lower and upper
ransition bands between pass-bands and stop-bands are equal
o 0.09 and 0.2 Hz, respectively. One major difference between
δCS1
f ) and (δCS2

f ) is that the first set gathers sub-bands relating
o very slow, slow and fast delta activities, but the second one
ncludes sub-bands relating only to slow and fast delta activities.

(δN
f ) contains 26 narrow bands. Bandwidths are equal to

.15 Hz and central frequencies increase linearly. Setting f to a
eal number fully determines a sub-band. For example, δN

2.4 cor-
esponds to the sub-band [2.325–2.475] Hz. Transitions bands
re set to 0.05 Hz. (δCF

f ) contains 24 sub-bands. Lower edge fre-
uencies of these sub-bands increase linearly while their upper
dge frequencies are all equal to 4 Hz. Transition bands are set to

.2 Hz. Setting the subscript f to a given value specifies a unique
ub-band; for example, δCF

2.4 designate the sub-band [2.4 – 4] Hz.
ig. 2 illustrates the three (δN

f ), (δCS1
f ) and (δCF

f ) sub-band sets.
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n order to better investigate the relation between slow delta band
ctivities and alpha activities, distributions of central frequen-
ies of (δCS1

f ), (δCS2
f ), (δN

f ) and (δCF
f ) sets are more concentrated

n lower delta band (i.e. < 1.2 Hz).
Throughout this paper, if a parameter is related to one of

he above-mentioned sub-bands, the name of that parameter is
oncatenated with the superscript of the given sub-band. For
xample, if a POM is calculated between a slow delta sub-band
δS) and alpha band, it is then denoted by S-POM. Similarly,
ther parameters such as CS1-POM, N-SOM, CF-POM, etc.
re also defined.

.2.2. Calculating POM

The procedure for calculating POM between an alpha wave

nd an EEG wave component in a given delta sub-band is as
ollows. For the sake of simplicity, we use the term delta wave
nstead of delta sub-band wave.

H

ig. 3. (a) 10 sec of a zero-mean normalized EEG epoch at 1 MAC Desflurane anes
low and fast delta sub-bands in part (b1) and (b2), respectively. Frequency responses
n the figure. (c) Delta phases corresponding to delta waves illustrated in part (b). (d
8–13] Hz interval. (e) Alpha-amplitude signals corresponding to slow and fast delt
pplying a filtering procedure. Slow and fast delta sub-band IIR filters have been em
on-smoothed modulation signals. Notice that non-smoothed modulation signals ar

esulting after applying Savitzky-Golay filters on non-smoothed modulation signals (
RBM 31 (2010) 55–66

The EEG signal is down sampled to 80 Hz, decomposed into
0 % overlapped epochs of 30 sec and then the mean value is
emoved from each epoch. Fig. 3(a) illustrates 10 sec of an EEG
poch recorded at 1 MAC.

Delta δ(t) and alpha α(t) waves are extracted from the EEG
poch (IIR filtering) and their powers are normalized to one
Fig. 3[b1, b2, d]). Two different examples of δ(t) are illustrated
n the figure. In Fig. 3(b1), δ(t) represents slow delta sub-band
S, and in Fig. 3(b2), it represents fast delta sub-band δF.

Analytic signal of a given delta wave is obtained by taking
ilbert transform of δ(t) [14,15]:

Anal(t) = δ(t) + iH (δ(t))
(δ(t)) = − 1

π
lim
ε→0

∫ ∞

ε

δ(t + τ) − δ(t − τ)

τ
dτ

= F−1 (−i sgn(ω) F (δ(t)))

thesia. (b) Delta waves extracted from the EEG epoch. Delta waves represent
of IIR filters corresponding to slow and fast delta sub-bands are also sketched

) Alpha component of the EEG epoch. Pass-band of the alpha-band filter is in
a waves. They are obtained by taking the absolute values of alpha waves and
ployed for alpha-amplitude signals illustrated in (e1) and (e2), respectively. (f)
e obtained by analyzing the entire 30 s of EEG epoch. (g) Modulation signals
f1, f2). S-POM and F-POM are indicated by two markers.
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Fig. 4. A schematic diagram of the procedure for obtaining a 62-point modu-
lation signal. Concurrent samples of alpha-amplitude |α|a and delta phase ∠δ

signals take same labels. For instance, those samples of delta phase signal that are
labeled 21 are indicated in the diagram. These samples are between −1.1148 and
−1.0134 rad. Mean value of alpha-amplitude signal is calculated for each label
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between 1 and 62). The resulted 62-point signal is then centered to form the
on-smoothed modulation signal.

hereH, F are Hilbert and Fourier transforms, respectively, i =
−1 and sgn(ω) is sign function which takes −1 and +1 values

or negative and positive arguments, respectively.
The angle of the obtained analytic signal δAnal(t) represents

nstantaneous phase of delta wave. This angle is calculated as
ollows (Fig. 3[c1, c2]).

δ(t) = tan−1 (H (δ(t)) /δ(t))

Basically, it can be said that each cycle of the delta wave is
apped to the (−π, π) interval.
Absolute value of α(t) is passed through the same IIR filter

hat was employed to extract δ(t) from the EEG epoch and the
ower of the resulted signal is normalized to one. This resulted
ignal is referred to as alpha-amplitude signal and is denoted by
α(t)|a (Fig. 3(e1, e2)).

A 62-bin amplitude-distribution is formed by data samples of
α(t)|a according to data samples of ∠δ(t) (Fig. 3(f1, f2)). This
2-point amplitude-distribution, which is referred to as modula-
ion signal (MS), indicates mean amplitude of alpha waves for

ifferent delta phases. The detailed procedure for calculating an
S is as follows (this procedure is illustrated schematically in

ig. 4):

2

o
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the (−π, π] interval is divided into 62 bins (∼ 0.1 rad for each
bin);
each data sample of ∠δ(t) is labeled with a number between
1 and 62 (bin index) according to its value. For example, Fig. 4
indicates that the bin index 21 corresponds to the (−1.1148,
−1.0134] rad phase interval;
concurrent data samples of |α(t)|a and ∠δ(t) take the same bin
index;
a 62-bin amplitude-distribution is formed using data samples
of |α(t)|a. To do so, the mean amplitude of those data samples
of |α(t)|a having the same label is calculated.

Once the 62-point amplitude-distribution is obtained, the
ean value of the amplitude-distribution is removed and the

esulted 62-point signal is then smoothed using a Savitzky-
olay filter [16]. Savitzky-Golay is an FIR filter that performs
local polynomial regression (of degree k). The polynomial

rder and frame size of the Savitzky-Golay filter were set
o 3 and 19, respectively (sgolayfilt function in MATLAB®).
he smoothed 62-point signal is called modulation signal MS.

Fig. 3(g)).
POM is the phase for which the MS is maximal: POM =
arg

∈ (−π,π]
max(MS) (see markers in Fig. 3(g)). If necessary, an

nwrapping procedure can be used to ensure phase continuity
n successive EEG epochs.

.2.3. Calculating SOM
SOM is the other parameter that will be discussed beside

OM in this study. SOM may accompany POM to indicate to
hat extent the modulation between the considered delta wave

nd alpha band is strong. A strong modulation means coinci-
ence of a fixed delta phase value with local maximums (or
inimums) of |α(t)|a in successive cycles of delta oscillations.
onversely, If the modulation is weak, maximums (or mini-
ums) of |α(t)|a coincide with different delta phase values. Fig. 5

ompares a strong and a weak amplitude modulation. This figure
llustrates 15 sec of two delta phase signals ∠δ(t) and their cor-
esponding alpha-amplitude signals |α(t)|a. Maximum values of
α(t)|a are connected to their corresponding delta phases by ver-
ical lines. In part A, most of these vertical lines point to phase
alues around 2.5 rad whereas, in part B, vertical lines randomly
arget different phase values. As a consequence, MS of a weak

odulation is flatter than MS of a strong modulation and it does
ot usually have a dominant extremum. SOM is a parameter,
hich is designed to quantify this characteristic of MS and to
easure its flatness. In this study, the MS is smoothed, and then

ts standard deviation is expressed as SOM. Smoothing is done
y the Savitzky-Golay filter used before. Smoothing increases
he contrast between a weak and a strong modulation. As Fig. 5
epicts, the MS in part A has both a wide range and a wide his-
ogram and thus it has a high standard deviation (4.87 vs. 0.95 in
art B).
.2.4. Monitoring POM and SOM
Fig. 6 part A illustrates a two-dimensional view of MSs

f a patient obtained during the twenty-minute EEG record-
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Fig. 5. Comparison of a strong (A) and a weak (B) modulation. (Left) 15 sec of two delta phase signals ∠δ and their corresponding alpha-amplitude signals |α|a.
Maximum values of |α|a are connected to their corresponding delta phases by vertical lines. In part A, most of the vertical lines point to phase values around 2.5 rad.
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n part B, vertical lines do not point to a specific phase value. (Middle) Smoothe
moothed MS in part B. It also contains dominant local extrema, while the smo
odulation signals. The histogram in part A is wider than the histogram in part

art B.

ng. The left and right side images are related to S-MSs
nd F-MSs, respectively. Each column of the images, which
re called Modulation Images (MI), corresponds to an S-
S or F-MS at a given time. As indicated in Fig. 6

arts B and C, δS – and δF –related POM and SOM
arameters can be monitored continuously from their cor-
esponding S-MI and F-MI. Since it is generally expected
hat POM values do not change rapidly in successive EEG
pochs, a smoothing filter (Savitzky-Golay filter, order 3,
rame size 9) is applied on MI in the time-axis direc-
ion.

POM monitoring indicates that DOA is correlated to both
-POM and F-POM. In other words, in different DOA, max-

mum (or minimum) amplitudes of alpha waves appear in
ifferent phases of slow and fast delta waves. It can be
aid that delta waves and fast EEG oscillations are two
hase-locked brain activities, and that their phase differences
hange with DOA. However, these phase differences are not
dentical for slow and fast delta waves. For instance, in
his patient, when Desflurane concentration is stabilized at
MAC, F-POM and S-POM are around 0.5 and 2 rad, respec-

ively. The maximum range of S-POM values over the entire
wenty-minute EEG recordings is greater than the maximum
ange of F-POM values. In deep anesthesia (2 MAC) S-POM
nd F-POM are around −0.5 rad, and in light anesthesia

0.5 MAC), the S-POM is around π rad, whereas F-POM is
round 2 rad. F-POM has a regular upward trend when DOA
ecreases, while S-POM does not exhibit such a regular ten-
ency.

[
s
s
f

ulation signals. The amplitude of the smoothed MS in part A is higher than the
MS in part B has not a dominant extremum. (Right) Histograms of smoothed
M, which is the standard deviation of smoothed MS, is higher in part A than in

. Results

.1. Fast EEG oscillations are modulated by very slow,
low and fast delta waves

We derived δN
f – related SOMs (N-SOM) in different stages

f anesthesia to find the relation between different narrow-
and delta sub-band components and alpha waves. Fig. 7
epicts medians and quartile ranges (i.e. error bars at 25 and
5 percentiles: prctile function in MATLAB®) of N-SOM val-
es obtained in all patients. These values are illustrated versus
entral frequencies of δN

f – sub-bands (i.e. f-index) at t = 0, 9 and
9 minutes. These time indices are related to different stabilized
epths of anesthesia at 2, 1 and 0.5 MAC, respectively. Medians
nd error bars indicate that delta band can be divided into three
egions in which N-SOM values reach a maximum. This indi-
ates that alpha waves are basically modulated by three delta
ub-bands and also points out that the modulation between delta
aves and alpha waves is not only seen in non-REM sleep [2]
ut also during various DOA.

Here, we will refer to the frequency interval [0.1–0.5] Hz
s “very slow” delta sub-band. This frequency interval, which
s the lowest delta sub-band, appears to be independent from
esflurane concentration. The very slow delta sub-band may

orrespond to the slow delta activity that has been reported in

17–19]. The second delta sub-band is referred to as “slow” delta
ub-band. Desflurane concentration changes the boundary of this
ub-band. In deep anesthesia at 2 MAC, it is almost extended
rom 0.5 to 1.2 Hz. When DOA decreases, this region moves
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Fig. 6. (A) Modulation images corresponding to slow (a1) and fast (a2) delta
sub-bands obtained on a patient. Each column of S-MI or F-MI corresponds
to a modulation signal at a given time. (A) POM values in time domain. S-
POM and F-POM values increase with a decrease in Desflurane concentration.
Maximum range of S-POM during the entire 20 min of data analysis is higher
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Fig. 7. Median and quartile ranges of SOM values corresponding to narrow
delta sub-bands (N-SOM) in all patients in different stabilized anesthesia in deep
(t = 0 min, 2 MAC), moderate (t = 9 min, 1 MAC) and light anesthesia (t = 19 min,
0.5 MAC). Error bars roughly indicate three dominant delta sub-band frequency
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han the maximum range of F-POM. In light anesthesia, S-POM is around +π

ad (green dashed line). (C) S-SOM and F-SOM signals indicate to what extent
he modulation is strong, and thus to what extent POM signals are reliable.

bit toward higher frequencies. For example at 0.5 MAC it is
xtended from 0.6 to 1.8 Hz. The central frequency of the slow
elta band is around 1 Hz at 1 MAC and an increase/decrease of
rug concentration may shift, a little bit, this frequency towards
lower/higher value. Fast delta band is the third sub-band

hat can be distinguished by N-SOM data. Basically, this band
ncludes frequencies higher than 2 Hz. Central frequency of fast
elta band varies with Desflurane concentration. However, it is
oughly around 2.8 Hz. We mention that the division of delta
and into VS, S and F delta sub-bands (introduced in section
.2.1) has been done mainly based on N-SOM results relating
o moderate and light anesthesia (1 and 0.5 MAC).

.2. POM and SOM in slow and fast delta waves

In the case reported in section 2.2.4, it was shown that POM
nd SOM evolve with anesthesia. It was also indicated that slow
nd fast delta sub-bands give different POM values at a same
iven MAC. In this section, the overall characteristics of δS – and
F – related POM and SOM are reported based on 10 patients.

Error bars in Fig. 8(a) illustrate mean and standard devia-

ion values of S-POM and F-POM parameters in the patients
n every minute of EEG recording protocol. Dot and X mark-
rs correspond to S-POM and F-POM parameters, respectively.
hese markers indicate that both types of POMs increase with

a
b
b
h

ntervals: [0.1–0.5] Hz, [0.7–1.7] Hz and [2–4] Hz relating to very slow (VS),
low (S) and fast (F) delta sub-bands, respectively.

he level of consciousness. However, the way that they increase
epends on the type of delta sub-band. For example, at 2 MAC
t = 0), mean values of S-POM and F-POM are around −0.5 rad,
nd at 1 MAC (t = 9 min), these values are about 1.6 and 0.3 rad
espectively. In light anesthesia (t = 19) standard deviation of
-POM is less than the standard deviation of F-POM. In deep
nesthesia (t = 0), it is the F-POM parameter that has a lower
tandard deviation.

Fig. 8(b) illustrates mean and standard deviation of S-SOM
nd F-SOM parameters in the patients. Dot and X markers corre-
pond to S-SOM and F-SOM parameters. A comparison between
ean values of S-SOMs and F-SOMs at t = 0 reveals that in deep

nesthesia the relation between slow delta sub-band and alpha

and is weak compared with the relation between fast delta sub-
and and alpha band. Conversely, in light anesthesia, slow delta
as a stronger relation to the alpha band.
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Fig. 8. Mean and standard deviation of S-POM and F-POM (part a) and S-SOM
and F-SOM (part b) in all patients in every minute of EEG recording. When DOA
reduces, S-POM and F-POM increase. The increase is more for S-POM than for
F-POM. F-SOM has a biphasic response to each rapid change of anesthetic drug
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oncentration. S-SOM becomes minimal in response to the first rapid change
f drug concentration (from 2 to 1 MAC) and then increases with reduction of
esflurane concentration.

F-SOM values have a rather complex behavior when Des-
urane concentration changes from 2 to 1 MAC and from 1 to
.5 MAC. Decreasing MAC induces oscillations in F-SOM val-
es. These oscillations consist of a reduction and an increase of
-SOM values (like a biphasic response). More precisely saying,
-SOM exhibits a minimum about 3 minutes after the transition
rom 2 to 1 MAC. This behavior is also seen, with a lesser degree,
bout 2 minutes after the transition from 1 to 0.5 MAC. F-SOM
xhibits maximum values about 5 minutes following transitions
rom 2 to 1 and from 1 to 0.5 MAC.

For S-SOM parameter, we could not find an identical bipha-
ic behavior in different patients; therefore, the mean value of
-SOM does not indicate a meaningful biphasic response. S-
OM becomes minimal in response to the first rapid change of
rug concentration (from 2 to 1 MAC) and then increases with
eduction of drug concentration especially after the transition
rom 1 to 0.5 MAC.

.3. Different delta sub-bands and their relating POM:
pplication to DOA monitoring

In section 3.2, it was pointed out that POM values change
ith DOA. This suggests that POM may be used for deter-
ining DOA. In order to determine DOA with POM data, it
s necessary to study the characteristics of POM relating to dif-
erent delta sub-bands in different DOA to find a proper delta
ub-band for this purpose. To do so, we consider the three delta
ub-band sets (δCS1

f ), (δCS2
f ) and (δCF

f ) and compare their relat-

d
l
c
i
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ng POMs and SOMs as indicated in Fig. 9. This figure consists
f three columns and three rows. The first row is related to results
btained from (δCS1

f ) set. The second and third rows are related

o (δCS2
f ) and (δCF

f ) set, respectively. In the first column of Fig. 9,
ean POM values are illustrated in different depths of anesthe-

ia at t = 0, 5, 9, 15 and 19 minutes. For the sake of simplicity,
hese time indexes, which are related to stabilized anesthesia at
, 1 and 0.5 MAC and the transitions, are referred to as stage 1,
tage 2 and so on, respectively. For each given stage and f-index,
ean value of POMs in all patients is obtained at that given

ime and the subsequent 30 sec (i.e. over three subsequent EEG
pochs). The second column of Fig. 9 is related to inter-patient
ariability of POM values. In order to quantify this variabil-
ty, the standard deviation of POM values is calculated for each
iven stage and f-index. As before, each standard deviation value
s calculated over 3 successive EEG epochs. Finally, the last col-
mn in Fig. 9 is related to mean SOM values for the given stage
nd f-indexes.

It can be inferred from Fig. 9(a1) that those (δCS1
f ) sub-

ands with upper edge frequencies less than about 1.5 Hz (i.e.
CS1
f<1.5), cannot distinguish well different stages of anesthesia
t t = 0, 5, 9, 15 and 19 minutes. Standard deviation of POM
alues in Fig. 9(a2) also indicates that inter-patient variability
f (δCS1

f<1.5) delta sub-bands are high especially from deep to
oderate anesthesia. An increase in f-index from 1.5 to 4 Hz

educes the inter-patient variability of POM values in all stages
f anesthesia. Reduction of inter-patient variability of POM val-
es with f-index raises the following questions: 1) Are fast delta
aves better than slow waves for quantifying DOA?, 2) Might

t be due to interaction between very slow and slow delta activi-
ies that standard deviation of CS1-POMs are high in low-value
-indexes?

(δCS2
f ) and (δCF

f ) sub-bands have been designed to answer

hese questions. In (δCS2
f ) sub-bands, very slow activities have

een excluded from EEG activities and in (δCF
f ) sub-bands, dif-

erent formation of fast delta bands (with and without including
low delta band) is considered for being analyzed.

A comparison between Fig. 9(b1, b2) and Fig. 9(a1, a2)
eveals that discarding the very slow delta activities not only
nhances the contrast between different stages of anesthesia,
ut also reduces the inter-patient variability of POM values.
or example, for an f-index which is around 1 Hz, mean CS2-
OM values in stages 1 and 2 are almost equal to -0.7 and
.7 rad respectively, while these values change to 0.2 and 1.2 rad,
espectively, for δCS1

�1 . The inter-patient variability of CS2-POM
s also lower than the inter-patient variability of CS1-POM in
ll stages of anesthesia when f-index is equal to 1 Hz.

One interesting point in Fig. 9(b2) is that the increase of f-
ndex beyond 2 Hz, does not always reduce standard deviation
f CS2-POM in stages 4 and 5 (notice the slight increase of
td curve in stage 5). This may be an indication that fast delta
ctivities may have inferior performances (in terms of standard

eviation) than slow delta activities for determining DOA in
ight anesthesia (this is the case that was indicated in Fig. 8). As a
omplementary viewpoint, mean values of CS2-SOM parameter
n Fig. 9(b3) also show that the performance of slow delta sub-



B. Molaee-Ardekani et al. / IRBM 31 (2010) 55–66 63

F ly. (C
1 en tim
a ter-p
e

b
i
2

c
s
b
D
t
t
f
o
f
a

a
s
o
f
s
l
5

y
(
F
a
a
b
d

t
v
i
P
(
p
t
(
a
(

ig. 9. (Rows) results related to CS1, CS2 and CF delta sub-bands, respective
5 and 19 min) that are indicated by stage 1 to stage 5, respectively. For each giv
t that given time and the subsequent 30 sec. The second column is related to in
ach given time and f-index. The last column is related to mean SOM values.

ands can be better than the performance of fast delta sub-bands
n light anesthesia because for those f-indexes greater than about
Hz, SOM values start to decrease in stages 4 and 5.

According to abovementioned observations from Fig. 9, it
an be inferred that concatenations of faster delta sub-bands with
lower delta sub-band (i.e. increasing the f-index in (δCS2

f ) sub-
ands) significantly improves the performance of determining
OA in deep and moderate anesthesia. However, in light anes-

hesia the performance is degraded a little bit. This indicates
hat basically, faster delta sub-bands must be better candidates
or determining DOA than slower delta sub-bands. The structure
f (δCF

f ) sub-bands helps us to find out which combination of
ast and slow delta sub-bands is reasonable for calculating POM
nd thus for determining DOA in different stages of anesthesia.

According to Fig. 9(c1) the performance of CF-POM for sep-
rating deep, moderate and light anesthesia is good for f-indexes
maller than about 3.5 Hz. In terms of inter-patient variability
f CF-POM values (Fig. 9(c2)), results are not very good for

-indexes greater than 2.5 or less than 0.5 Hz. More precisely
aying, an f-index, which is greater than 2.5 Hz, fails to give
ow standard deviation in light and deep anesthesia (stages 1, 4,
), and an f-index which is less than 0.5 Hz, basically fails to

t
t
d
a

olumns) First column shows mean POM values in different times (t = 0, 5, 9,
e and f-index, the mean POM is calculated based on POM values in all patients
atient variability of POM values. It is the standard deviation of POM values at

ield a low standard deviation in deep and moderate anesthesia
stages 1 to 3). Fig. 9(c3) also confirms deductions derived from
ig. 9(c2). For a high value f-index, SOM values are low in light
nd deep anesthesia, and for a low value f-index, SOM values
re low in moderate and deep anesthesia. It seems that a tradeoff
etween these two extremes, which also yields a high SOM in
eep anesthesia, would be f-indexes between 1.2 and 2 Hz.

Fig. 10(a1–a3) illustrates POM signals of the patients for
hree delta sub-bands δCF

0.8 , δCF
1.8 and δCF

2.8 . Thick lines are mean
alues of POM signals. These lines indicate that POM values
ncrease monotonically with a decrease in DOA. Dispersion of
OM signals show that the best performance of each sub-band
in terms of inter-patients variability) for determining DOA takes
lace in different stages of anesthesia as if they have complemen-
ary performances. In moderate anesthesia δCF

2.8 – related POM
CF28-POM) has the best performance, and in deep and light
nesthesia best performances are obtained by δCF

1.8 – related POM
CF18-POM) and δCF

0.8 – related POM (CF08-POM), respec-
ively. This is what we expected from Fig. 9(c2). In fact, in

his figure, minimum values of the illustrated curves appear in
ifferent f-indexes. In deep anesthesia (stage 1) the minimum is
round 1.7 Hz, in moderate anesthesia (stages 2, 3) the minimum
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ig. 10. (a1–a3) CF-POM values relating to δCF
0.8 , δCF

1.8 and δCF
2.8 (CF08-POM, CF1

rotocol. Thick lines indicate mean values of POMs. (b) BIS indexes and their
tandard deviations of POM values relating to δCF

0.8 , δCF
1.8 , δCF

2.8 delta sub-bands an

s around 3 Hz, and in light anesthesia (stages 4, 5) the minimum
s around 0.7 Hz.

Fig. 10(b) illustrates BISTM indexes and their mean values
thick line) in every minute of EEG recording. Inter-patient vari-
bility of BISTM index is higher in light anesthesia than in deep
nd moderate anesthesia. In addition, there are some patients for
hom BISTM indexes at 2 MAC are higher than BISTM indexes

t 1 MAC, and as a consequence, mean values of BISTM indexes
o not increase monotonically with a decrease in DOA.

For a quantitative comparison between the inter-patient vari-
bility of BISTM index and POM values, we normalized POM
nd BISTM values of the patients by their respective dynamic
anges to equalize parameters scales and then derived their nor-
alized standard deviations (NSD) as follows:

SD(t) = SD(t)

Dynamic Range

=
√

(1/P − 1)
∑P

p=1

(
Xp(t) − X̄p(t)

)2

max(Xp(t))
∣∣∀t,p

− min(Xp(t))
∣∣∀t,p

here X may represent either CF08-POM, CF18-POM, CF28-
OM or BISTM. p is the patient index which vary between 1 and
= 10. The nominator represents the standard deviation of the

arameter X at a given time, and the denominator expresses
aximum range of that parameter in all patients during the

wenty-minute EEG recordings.
Fig. 10(c) depicts NSD values of CF08-POM, CF18-POM,

F28-POM and BISTM parameters in the five mentioned stages
f anesthesia. NSD value of BISTM parameter reaches its min-

mum and maximum values in stage 2 and stage 5, respectively.
he lowest NSD value in stages 4 and 5 (light anesthesia) is
btained by CF08-POM. CF28-POM has the lowest NSD val-
es in stages 2 and 3 (moderate anesthesia), and finally in stage

i
f
e
E

M and CF28-POM) obtained in all patients during the 20-minute EEG recording
value obtained in same patients with Aspect XPTM machine. (c) Normalized
indexes in five stages of anesthesia at t = 0, 5, 9, 15 and 19 min.

(deep anesthesia) the lowest NSD value is rated to CF18-
OM.

. Discussion

Analysis of SOM data shows that there are different delta
ub-bands that may modulate alpha oscillations. Recognizing
uch distinguishable delta sub-bands is an indication that EEG
elta waves may contain different activities induced by two
r more different mechanisms in the brain. However, these
echanisms may not necessarily be independent from each

ther. Mechanisms underlying the production of these differ-
nt delta sub-bands may work together or even have modulation
ffects on each other as they have on EEG oscillations in alpha
and.

Dividing the delta band into different sub-bands by the SOM
riterion seems to have some advantages over splitting the delta
and by EEG power criterion. By SOM criterion, delta wave
omponents are in fact separated according to their neuro-
hysiologic roles. Here, this neurophysiologic function is the
odulation of alpha waves. By the EEG power criterion, it is not

asy to separate delta sub-bands and to distinguish their bound-
ries. We may even miss a sub-band where two (or more) EEG
nderlying mechanisms generate activities with overlapping
requency components. On the contrary, SOM can better distin-
uish these mechanisms. Basically, SOM is low for overlapping
requency components, and it is high for those frequencies that
ainly belong to only one of the EEG underlying mechanisms.
his increases the chance of separating delta sub-bands from
ach other. Indeed, interacting between different EEG underly-

ng mechanisms causes generation of “noisy” MSs at overlapped
requencies. These frequencies indicate boundary frequencies of
ach underlying mechanism, and thus boundary frequencies of
EG sub-bands. SOM leads us to a better physiologically-based
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ethod for identifying delta sub-band boundaries. Based on this
pproach we could show that if DOA decreases, slow delta band
oves a bit to higher frequencies (Fig. 7).
POM can be treated as a parameter that gives us some insights

nto status of information processing and time-coding in the
rain. For example, F-POM can indicate the time-lag between
he generation of a fast delta wave or clocklike delta oscillation
∼ 2–3 Hz) in the cortex and thalamus, respectively, and alpha
ctivities that are generated in the thalamus [17,18,20,21]. This
ind of time-coding information could not be extracted from the
ower spectrum of delta and alpha waves (the mostly used tool
or determining DOA). It was shown that F-POM changes from a
egative value at 2 MAC to a positive value at 1 MAC. This rapid
nversion of the phase might be an indication of the change of the
ocation of mechanisms generating delta waves with DOA. Our
ypothesis is that at 2 MAC, delta waves are mainly stereotyped
locklike rhythms originating in thalamic areas, and at 1 MAC
elta waves are mainly related to cortical areas. Indeed, from the
iterature we know that clocklike delta oscillations are generated
hen thalamus cells are in hyperpolarized state [20,22]. Possi-
ly, in deep Desflurane anesthesia this condition can be fulfilled
nd thalamic cells can be hyperpolarized. As supporting argu-
ents for this issue, firstly, it is known that anesthetic agents

rolong the decay time of GABAA receptor, and have inhibitory
ffects on brain cells [23]; secondly, it has been shown that when
nesthesia deepens, delta waves become more rhythmic [1,24],
nd thus they are more similar to clocklike rhythms that are
riginated in the thalamus.

Our findings in this study can be employed in the
hysiologically-based mean-field modeling of brain electrical
ctivities in general anesthesia. Modulation of alpha band oscil-
ations concurrently by very slow, slow and fast delta bands
ctivities is a characteristic of the EEG that, to our knowledge,
as not been considered yet in mean-field models designed
or EEG signals in anesthesia [25–27]. However, recently the
witching behavior of neural populations to UP and DOWN
tates in the delta frequency range, which may trigger the
odulation of alpha oscillations, and its possible underlying
echanisms have been addressed without studying the relation

etween slow and fast components of EEG signals [28–30].
echanisms, which make relations between slow and fast EEG

omponents, still need to be better characterized, and to be mod-
led mathematically in mean-field models.

Our study suggests that putting time-coding information of
rain activities beside other more conventional parameters that
re used for determining DOA such as BISTM index, spectral
dge frequency and median frequency [31] might leads us to
mprove the performance of determining DOA in some stages
f anesthesia. However, this does not imply that time-coding
nformation (here, POM) can be used alone for determining
OA because in some periods of times the desired time-coding

nformation may be missed or interfered with other time-codings
n the brain (especially, in transition states where the strength

f time-codings become very low) and thus, results will not be
rustable.

In this study, we considered different formations of slow delta
ub-bands and fast delta sub-bands in order to find a delta sub-

[

[
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and that its corresponding POM has the best performance for
etermining DOA in different stages of anesthesia. It seems that
here is no single delta sub-band with the best performance in
ifferent DOA. Results show that POMs relating to very slow
ub-band are less correlated with DOA; POMs relating to slow
elta sub-band are not good for determining DOA in deep anes-
hesia; and, POMs relating to fast delta sub-band do not have
he best performance in light anesthesia but a reasonable per-
ormance. Consequently, these arguments imply that a fast delta
ub-band (e.g. δCF

1.8 ) is the best choice among different delta
ub-bands that we analyzed. In addition, this study implicitly
uggests that better methods should be found to combine the
ime-coding information relating to alpha and slow delta waves
nd the information, which exists in the relationship between
lpha and fast delta waves.
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