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The presence of the EEG patterns showing some similarities with epileptiform activity as well
as epileptic EEG discharges and motor seizures observed in some people during anaesthesia
conducted with volatile anaesthetics is now well-recognized. Nevertheless the practical as
well as theoretical implications indicate for the necessity of better understanding of the nature
and mechanism of these patterns. The aim of this study was to verify the usefulness of some
methods of the EEG analyses to characterize the atypical forms of EEG. It was shown that the
estimation of Higuchi’s fractal dimension and mean phase coherence as well as the analysis
of time-frequency distributions (spectrograms and scalograms) revealed the quantitative
features of atypical patterns and their relationships with the depth of anaesthesia.
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1. Introduction

There are several reasons that indicate importance of monitoring of the functional
brain states during general anaesthesia using the EEG methodology. The obvious
reason is determination of the depth of anaesthesia and subsequent recovery of the
brain functions. Another reason stems from the fact that some volatile anaesthetics
induce brain states promoting the epileptic EEG discharges and motor seizures.
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Electroencephalographic seizure activating properties of some anaesthetic agents
are already well known. Some of them, like short-lasting barbiturates or opioids
[1], are used in an attempt of presurgical localization of epileptic foci. However, the
problem with volatile anesthetics is more complex. Seizure precipitating properties
of volatile anaesthetics was described in patients with epilepsy as well as in non-
epileptic patients [2—19]. Hyperdynamic cardiovascular response in adult people
and children without history of epilepsy subjected to sevoflurane anaesthesia was
reported to be associated with the epileptiform EEG activity and motor jerks such
as twitches of arms and shoulders. Hemodynamic variables like heart rate and blood
pressure increased strongly in those patients [5, 9, 15, 18].

Detection of the epileptiform EEG patterns may be important for selection of
proper anaesthetic in selected groups of patients. The problem has obviously medical
as well as theoretical implications. The biological problem refers to the hypothetical
interpretation of the spike-wave patterns induced by anaesthesia as epileptiform in-
terictal discharges. Solution of this problem at the first stage of analysis will require
appropriate methodology of the EEG recording and analysis.

The purpose of this research is basically methodological. It concentrates on the
applicability of different methods of the EEG signal analysis in order to determine
objectively different patterns of brain electrical activity during anaesthesia.

2. Materials and Methods
2.1. Patients

The analysis was performed on the EEG records obtained during general anaesthe-
sia. The study was approved by the Ethical Committee of the Medical University
of Silesia and written informed consent was obtained from all of patients involved.
The data were taken from 12 adult patients of both genders that underwent elective
surgery under general anaesthesia, categorized as class I (normal, healthy patients)
and II (patients with mild systemic disease) according to the American Society of
Anaesthesiologists (ASA) scale. Patients with history of allergic reactions to drugs
used in the study, the epileptics and with other previously diagnosed neurological
deficits and/or psychiatric disorders, as well as patients receiving neuropsychiatric
medication and addicted to any psychoactive substances were excluded from the study.
Randomization was performed to assign a patient to one of three groups according to
the anaesthetic agent used to maintain anaesthesia. Within the different anaesthesia
regimens patients were anaesthetised sequentially with one of three different volatile
agents (isoflurane, sevoflurane or desflurane) in order to receive progressive and
sequential concentrations of these three anaesthetic agents.

In the morning of the day of surgery the patients did not receive any premedication
to avoid its influence on the EEG patterns. In the operating room an i.v. cannula was
inserted into the large forearm vein and standard monitors were applied. Continuous
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standard monitoring included heart bioelectric activity (ECG), heart rate (HR), non-
invasive systemic arterial pressure, respiratory rate, haemoglobin oxygen saturation,
and end-tidal concentrations of the volatile anaesthetic agents, oxygen and carbon
dioxide. Oxygen saturation was measured by pulse oxymetry and maintained above
95% during the study.

In order to avoid opioid and N,O effect on central nervous system, analgesia
during surgery was achieved by an epidural catheter placed in the lumbar space, via
which patients received 20 ml of 0.5% bupivacaine (Marcaine, Astra-Zeneca). In all
the patients, anaesthesia was induced intravenously with 2-2.5 mg/kg of propofol
(Diprivan, Astra-Zeneca). Before anaesthesia induction oxygen was administered by
facemask. Each patient received a muscle-relaxant factor — 0.08-0.10 mg/kg mc of
vecuronium (Norcuron, Organon) and 3 min later laryngeal mask was inserted. The
lungs were mechanically ventilated to obtain the end-tidal carbon dioxide concentra-
tion of 35-37 mmHg. Immediately after the laryngeal mask insertion anaesthesia was
maintained with either iso-, sevo- or desflurane delivered in an air-oxygen mixture
of carrier gases. The beginning concentration of anaesthetic agent was 0.4 MAC
(Minimal Alveolar Concentration is defined as the partial pressure of volatile anaes-
thetic inhibiting movement reaction for noxious stimulation in 50% of anaesthetized
patients). The concentration of 0.4 MAC was maintained for 30 minutes — the waiting
period — to eliminate the effect of intravenous induction. Administration of the agent
was adjusted in steps of 0.2 MAC beginning from 0.4 MAC until burst suppression
(BS) appeared in the EEG. Up to 10 min were allowed for equilibration once a stable
end-tidal concentration had been obtained at each step. Then the concentration of
anaesthetic agent was subsequently decreased by 0.2 MAC every 5 minutes until
the end of surgery, return of consciousness and the laryngeal mask removal. No
more neuromuscular blocking agents were given intraoperatively. Emergence from
anaesthesia was assessed by measuring the times to spontaneous opening of eyes,
the laryngeal mask removal, stating the name, and arrival at the post-anaesthesia care
unit. Finally, all the patients were visited in the postanaesthesia care unit and on the
first and third postoperative day and interviewed about intraoperative recall.

2.2. EEG Registration

Before induction of anaesthesia the EEG control recording lasting 15 minutes was
performed. The EEG signal was obtained from bipolar montage between gold cup
electrodes (F3C3, FAC4, P301, P402 according to the international 10-20 system
of electrode placement). For the EEG recordings, the skin of the scalp had been
degreased with 70% isopropanol to obtain impedance less than 5 kOhm. Gold EEG
electrodes (Grass Technologies) placement was made on the scalp with adhesive
paste EC2 (Grass-Telefactor). The EEG monitoring was performed using S/5 Moni-
tor (GE Medical, Finland). Four channel raw EEG was continuously digitized and
simultaneously recorded (sampling frequency was 100 Hz for each channel).
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2.3. Signal Analysis

The analysis of the volatile anesthetic-induced EEG-signals were performed using
visual inspection as well as some quantitative methods.

All signals were visually inspected by the neurophysiologist. The signals were
viewed using Viewer ddv designed by P.J. Durka and written by W. Malenski and
D. Ircha for the Warsaw Medical Academy, Department of Psychiatry [20]. Two-sec-
ond EEG segments containing patterns of single isolated spikes or spike with slow
waves clearly distinguished from background activity and generated synchronously
in several channels (basically in all four channels with frontal predominance) were
marked.

The aim of the quantitative analysis was determination of the characteristic
features of the volatile anaesthetic-induced EEG using:

1. Fractal dimension;

2. Mean phase coherence;

3. Time-frequency distributions obtained using short-time Fourier transform

signal analysis, 1. e.: spectrograms;

4. Time-frequency distributions obtained using wavelet analysis, i.e.: scalo-

grams;

5. Time and frequency marginals extracted from scalograms.

Signal analysis using fractal dimension, mean phase coherence and spectrograms
was performed for the whole EEG-signal. Whereas wavelet analysis was applied
only for the consecutive 20 or 40-second-long windows.

2.4, Fractal Dimension

Fractal dimension was included into the performed analysis because this index rang-
ing from 1 (for a deterministic curves, for example a sinusoid) to 2 (for random time
series) reflects the complexity of signal. The largest values of the fractal dimension
were found for wake stage, while deepening of anaesthesia corresponded to its lower
values [21-24] what proved that this index could be useful for the assessment of an-
aesthesia stage. Moreover fractal dimension may be useful for detection of episodes
of transient synchronization of the neuronal structures.

The fractal dimension of EEG-signal was calculated using Higuchi’s algorithm
[23, 25] which for a given time series: X{(1), X(2), ..., X(N) constructs k new time
series:

X~ X(m),X(m+k),.‘.,X{m+int(N;m }k} (1)

T

form=1, 2, ..., k; where m — initial time, k — time interval.
The length, L,, (k), of each curve X¥ was calculated as:
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L,ﬂ(k):l b \X(m+fk)—X(m+(f—l)k)| e e ) ()
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where N — the total number of samples in the original signal.
L(k) was calculated as the mean of the k values L, (k) for m =1,..., k.
For a curve which has the fractal dimension D;:

Lk)~ k™. 3)

The fractal dimension was calculated by means of the least-squares linear best-fitting
procedure as the angular coefficient of the linear regression of the graph:

In L(k) ~ Dr. h% . )

Higuchi’s fractal dimension was calculated in one second-long windows (100
samples) using FRAST™ software for automatic sleep staging and FRANES™ for
monitoring the depth of anaesthesia written by E. Olejarczyk and integrated into
SENSATION systems with new wireless sensors [26].

2.5. Mean Phase Coherence

To study the synchronization of EEG activity registered by various electrodes the
mean phase coherence was analyzed. This index is defined in a following way:
for a given measured EEG-signal s(f) we define an analytic signal s,

5,8) = s(§) — i §(8) = A() &0, (5)

where

i —imaginary unit;

§(9) - Hilbert transform of measured signal s();

A(f) —amplitude of signal s(7);

@(f) = arctan (§(¢)/s(¢)) — phase of signal s(7);

and therefore phase synchronization is defined as locking of phases of two oscilla-
tors a and b, i.e.;

D, (1)=n-D,(t)—m D,(t)=const. (6)

where n and m are integers, @ ,(f) and @,(¢) denote the phases of the oscillators, and
@, (1) is defined as their relative phase.
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Since our aim was to estimate the synchronization between time series that are
obtained from the same physiological system (i.e. the brain) we consider it most
likely to encounter synchronization at a phase locking ratioof n : m=1:1 [27] and
the mean phase coherence has been defined as:

R= LEB%,IUN) (7
N3
where
i — imaginary unit;
1/4t - the sampling rate of discrete time series;
N — the total number of samples in window;
@,, - the relative phase of two signals at a phase locking ratio of n: m=1:1;
4t —time between the successive samples j from 1 to N-1.
Using the Euler’s formula R value turns into:
1/2
1 N-1 ) 2 1 N=1 2
R=||—=2 sin(g,(jAN) | +| =D cos(d,(jAN) | | . ®)
N J=0 N J=0

The value of R is equal one when phase difference is constant, i. e. synchroniza-
tion of the signals is perfect. On the other hand if the phases are not synchronized
the value of R is equal to zero. Decrease of the mean phase coherence between two
signals indicates a partial loss of synchronization between them.

The mean phase coherence was calculated for a pair of frontal channels and a pair
of back channels in both brain hemispheres according to the algorithm described in
[28, 29] using MATLAB in 2 minute window. The hilbert procedure was applied to
calculate Hilbert’s transform of the signals.

2.6. Time-frequency Distributions

Time-frequency distributions decompose the signal on a basis of elementary signals
(the atoms) well localized in time and frequency. Two well-known examples of such
decompositions are short-time Fourier transform and wavelet transform.

Spectrogram is the square magnitude of short-time Fourier transform and scalo-
gram is squared magnitude of the wavelet transform.

2.7. Spectrograms

Spectrograms were used to consistent visualization of the temporal nature of the
analyzed signals. Spectrogram is a measure of energy of a signal contained in time-
frequency domain (¢, /). Graphic representation of spectrogram used in this study is
the substitute of three-dimensional plot of energy of the signal frequency content.
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Two ways of graphic representation were applied. To illustrate the general fea-
tures of the power spectral density (energy spectral density) of the corresponding
frequency content in the time moment 7 was represented using dots in greyscale.
Power spectral density in these spectrograms was denominated in decibels and cal-
culated using the formula: P=10*log,(|X(/)[*)=20*1og,,(|X(/)|), where X(f) denotes
the discrete-time Fourier transform of EEG-signal. To illustrate the power spectral
density of the corresponding frequency content in a more precise way allowing to .
explain the quantitative features of spectra it was represented by numeric values in
linear scale.

Spectrograms were performed using MATLAB Signal Processing Toolbox.
The specgram procedure computes the windowed discrete-time Fourier transform
of a signal using sliding window. The spectrogram is the magnitude of this function.
The sampling frequency 100 Hz and Hann window of one-second length (100 points)
were used. The sections overlap by number of samples corresponding to half of the
window’s length. The frequency vector was in the range from 0 to 50.

2.8. Scalograms

While the short-time Fourier transform decomposes the signal on the basis of
elementary signals (sines and cosines), the wavelet transform decomposes the
signal using a family of functions generated by translations and dilations of the
mother waveform (wavelet). Thus a scalogram is the affine counterpart of the
spectrogram.

Scalograms were used to obtain information on the signal features which can
not be obtained using spectrograms because of their limitations.

The short-time Fourier transform is not appropriate to analyze a signal which
has time-varying frequency components because this transform uses a single analysis
window. As a result resolution of the spectrogram is limited. A wide window gives
good frequency resolution at cost of poor time resolution. A narrower window gives
good time resolution but poor frequency resolution. Therefore it is not possible to
obtain good time and frequency resolutions of the spectrogram simultaneously. To
avoid this main limitation of spectrogram the wavelet transform (or multiresolution
analysis in general) uses short windows at high frequencies and long windows at low
frequencies. So, it gives good time resolution for high-frequency events and good
frequency resolution for low-frequency events. Therefore both duration and band-
width of the wavelet change but the wavelet shape remains the same. This partially
overcomes the resolution limitation of the short-time Fourier transform and makes
the scalograms especially useful for the analysis of short transient activity forms
present in the burst suppression region.

The scalograms were calculated using procedures from MATLAB package:
Time-Frequency Toolbox [30]. Procedure ffi'scalo computes the squared magnitude
of continuous wavelet transform for Morlet wavelet.
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2.9, Time and Frequency Marginal Distributions

The time marginal corresponds to the instantaneous power of the signal while the

frequency marginal corresponds to the energy spectral density. Therefore they were in-

cluded into the analysis to asses the evolution of these variables during anaesthesia.
The marginal distributions of a time-frequency distribution (tfr) were defined as:

time marginal: m, (1)= jutfr(t,f)df )
frequency marginal: m, (f)= [ tfi ¢, f)dt . (10)

—on

The marginals were calculated in burst-suppression region for 32 segments for
scalograms. Each of them had length equal 4096 samples (about 40 seconds). Then
the segments was stitched together. Thus the analyzed signal was about 22 minutes-
long. Procedure margtfi from MATLAB package: Time-Frequency Toolbox [30]
was used to compute the time and frequency marginals.

3. Results

3.1. Patients’ Statistics

The study groups were comparable in demographic data, initial basic life parameters
and ASA score. A total of 12 patients were enrolled in this investigation with the
study groups being similar in respect of age, weight, height, ASA physical status,
and duration of anaesthesia and surgery.

The studied population encompassed 6 (50%) women and 6 (50%) men, aged
from 19 to 70 (mean: 48.7+14.1) years. Body mass ranged from 45 to 110 (mean
73.6+12.9) kg, and height from 145 to 189 (mean: 165.3+8.1) cm. All researched
groups were compared with regard to the above-specified demographic features
(p > 0.05). The frequency of occurrence of the selected coexisting illnesses and the
mean duration of the operation were similar in all analysed groups (p > 0.05). Mean
anaesthesia duration was 155 = 15 minutes.

3.2. Electrophysiological Observations

Three different time regions of anaesthesia state progress can be distinguished: high
frequency activity in the beginning of EEG-signal registration when anaesthetic
concentration is still low (Fig. 1A), through region in which spike-waves and spike-
slow wave patterns start to appear when anaesthetic concentration grows (Fig. 1B)
and burst-suppression region with burst forms, spike-waves and spike-slow wave
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patterns separated by short time intervals of EEG activity fading when anaesthetic
concentration reach the maximal value (Fig. 1C).

EEG-signal evoked by volatile anaesthetics possessed such characteristic forms
of activity as burst forms, spike-waves and spike-slow wave patterns (Fig. 2 and
Fig. 3) as well as continuous brain activity in the alpha and beta frequency range
appearing predominantly in the frontal channels (Fig. 4B).

The continuous activity could be easily distinguished from the artifacts evoked
by muscular activity (Fig. 4A). The spectra of continuous activity manifested
characteristic frequencies in the alpha and beta range (frequency peak at 10 and 16
Hz) (Fig. 4D) which were absent in the spectra of muscular activity and movement
artifacts (Fig. 4C).
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Fig. 1. Example of the original EEG records in symmetrical, anterior (frontal) and posterior (parieto-

-occipital) derivations from the left and right hemisphere characteristic for three different regions of

anaesthesia evolution: A — high frequency activity in the beginning of EEG-signal registration when

anaesthetic concentration is still low, B — region in which spike-waves and spike-slow wave patterns

start to appear when anaesthetic concentration grows, C — burst-suppression region with burst forms,

spike-waves and spike-slow wave patterns separated by short time intervals of EEG activity lack when
anaesthetic concentration reaches the maximal value
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Fig. 2. EEG patterns during the control EEG recording and on different levels of isoflurane anaesthesia:
A — EEG record before induction of anaesthesia: a fragment of arrest reaction with the eye movement
artifacts and the eyes closed (arrow) with subsequent burst of the alpha waves 10/s in parieto-occipital

derivations, B — Initial stage of anaesthesia. There is transient accentuation of the EEG activity

within

the alpha and beta frequency range (8-30/s) with frontal predominance with subsequent appearance of

high voltage slow waves, C — EEG patterns of the third minute after induction of anaesthesia (0.4

MAC)

with slow wave with superimposed fast activity in the alpha-beta range, D-E — subsequent transfor-
mation of the EEG patterns with deepening level of anaesthesia (from 0.4 to 1.0 MAC) with increased
number of spiky waves and generalization in all derivations, F — EEG burst-suppression pattern with
5 Hz frequency waves (> 1.5 MAC), G — Recovery from anaesthesia (less than 1.0 MAC) with the

continuous EEG activity often associated with sharp forms appearance
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Another example was discharge-like activity observed during the burst-suppres-
sion period which could be easily distinguished from the ECG artifacts (Fig. 5).
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Fig. 5. A discharge-like activity during the burst-suppression EEG pattern and examples of the ECG artifacts

3.3. Spectrograms

For each of the four channels, similar and characteristic time-frequency distribution
was observed (Fig. 6). In this Figure contribution of the alpha waves was represented
by the bands of orange dots spreading at the level between 9 and 12 Hz. The performed
signal analysis showed that the contribution of the alpha waves decreased until the
EEG-signal suppression during deep anaesthesia and then increased again when the
patient was awaking. During the EEG-signal suppression region a series of narrow
segments corresponding to the bursts with high frequency contribution to the spectra
separated by the segments of low-frequency contribution were observed. These data
shown that the contribution of the alpha waves to the EEG-signal spectrum could be
an additional indicator of the consciousness level.

The spectral power calculated as a squared magnitude of the discrete-time Fou-
rier transform for frequencies 5 Hz and 10 Hz manifested some relationship with the
concentration of volatile anesthetic (Fig. 7). For the minimal alveolar concentration
(MAC) in the range from 0.5 to 1.0 powers for the theta waves (5 Hz) and for the
alpha waves (10 Hz) were similar. For MAC greater than 1.0 the relationship was
different, i.e. the power for the theta waves was large while this for the alpha waves
was small. The minimal alveolar concentration was defined as such concentration
of the volatile anaesthetic in the lungs that is needed to prevent movement (motor
response) in 50% of subjects in response to surgical (pain) stimulus. f MAC is 1.0,
then 1.3 MAC would block response in 95% of the subjects.
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The obtained results shown that two characteristic wave frequencies, 5 and 10
Hz, could be associated with the process of anaesthesia progression. During first hour
of the anaesthesia, before the anaesthetic concentration reached value 1, the alpha
frequency band (10 Hz) and the theta band (5 Hz) had a similar contribution. After
that time interval, before the anaesthetic concentration reached maximal value, the
contribution of alpha wave diminished while the contribution of theta wave increased
rapidly. The alpha waves suppression evoked by volatile anesthetic permitted to detect
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Fig. 8. Comparison of spectral powers for two different volatile anaesthetics: isoflurane (patient 1)
and desflurane (patient 2). The graphs illustrate apparent differences between the two functional states

created by the two anaesthetics. High content of the fast EEG activity (the beta waves) in the patient 2
(under desflurane anaesthesia), especially during recovery was observed
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the theta waves that were dominated by higher frequencies during the awake state.
However during the maximal anaesthetic concentration not only the contribution of
theta wave was maximal but also some increase in the alpha wave contribution reap-
peared. This stage of anaesthesia corresponded to the burst suppression region.

It was found that the signal spectral power depended on the kind of volatile
anaesthetic (Fig. 8). In the case of patient 2 desflurane evoked the signal with the
high power beta waves (12-30 Hz) in the last segment of record displaying some
similarity with seizure activity. Therefore further studies aimed at explanation of this
case using multi-channel approach and higher statistics of patients are required.

3.4. Fractal Dimension

Before induction of the anaesthesia the fractal dimension was 1.88+0.04. During
first hour of the anaesthesia course when the concentration of anaesthetic was low
and nearly constant and the contribution of the alpha and theta waves were compa-
rable the fractal dimension was nearly constant with mean 1.56+0.07 (Fig. 9). In the
subsequent time interval when the concentration of anaesthetic increased until the
beginning of the EEG-signal suppression region it decreased to 1.23+0.05. During
the burst suppression region the fractal dimension increased to 1.57+0.05.

Average decrease of fractal dimension between the first hour of the anaesthesia
and start of the burst-suppression region for the frontal channels in the group of 12
patients was 0.23+0.07 (Table 1).

Table 1. Percentage decrease of the fractal dimension and mean phase coherence between beginning of the
anaesthesia and start of the burst-suppression region for the frontal channels in group of

12 patients
Patient 1 2 3 4 5 6 7 8 9 10 11 12 mean
Higuchi’s
fractal 21 26 14 12 22 25 17 16 28 27 31 34 237
dimension
Meanphase | o, | 33 | 35 | 62 | 24 | o |21 |20 |40 | 22| 13| 5 | 26415
coherence

These data shown that the fractal dimension analysis gave an additional, to
the spectral analysis, information concerning the EEG-signal complexity evolution
during anaesthesia progression (Fig. 6 and 8). The fractal dimension analysis shown
that the EEG-signal with comparable contributions of the alpha and theta waves
observed in first hour of the anaesthesia at low and nearly constant concentration of
anesthetic was the most complex (D,= 1.88+0.04). On the other hand in the pres-
ence of medium concentration of anesthetic, when the alpha wave contribution was
diminished while the theta wave contribution was large, the signal was less complex
(D;=1.560.07). At the burst suppression, at the highest concentration of anesthetic
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Fig. 9. Evolution of the fractal dimension (D;) of the EEG-signal in relation with the isoflurane
concentration

(more than 1 MAC), the complexity of signal increased again (D,= 1.57£0.05). It
occurred at the presence of alpha wave contribution comparable to that observed in
the first hour and a few times larger contribution of the theta wave (Fig. 6).

The above observations may suggest that the contribution of the theta wave had
no influence on the signal complexity. However, the structure of EEG-signal at the
burst suppression region was different as compared with the structure observed in
the preceding parts of the signal. Therefore the corresponding increase of the fractal
dimension reflected another phenomena and thereby shown that the spectral analysis
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alone did not elevated the differences in the structure of EEG-signal for the alpha
and theta waves at burst suppression region while the fractal dimension revealed the
increase in the signal complexity. Nevertheless, this increase of the signal complexity
may not be considered as increase of the consciousness level.

Generally these results are in good agreement with our previous findings that the
awake brain state has the highest value of the fractal dimension while the deepening
of the anaesthesia corresponds to the lower value of this index [21-24]. The presence
of rare forms like bursts or sharp transients in the EEG-signal were manifested by
the fractal dimension increases.

3.5. Mean Phase Coherence

The mean phase coherence was high before the burst suppression region and rapidly de-
creased with entering this region [Fig. 10]. Mean difference of the mean phase coherence
between commencement of the anaesthetic induction and start of the burst-suppression
region for the frontal channels in the group of 12 patients was 0.26+0.15 (Table 1).

F3C3vs. F4C4 P301 vs. P402
1 1
g 08 .\\‘;\,_\‘_\F\MNF_,N-\.\,\M;‘\ ~ ("\...m" (Jf,.r.w\._—\ qé 0»8
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time * 2 [min] time * 2 [min]

Fig. 10. Changes of the mean phase coherence of the EEG activity between the left and right hemi-
spheres (for F3C3-F4C4 and P301-P402 channels) in the course of isoflurane anaesthesia

It showed that the loss of consciousness during the anaesthesia before the burst
suppression region did not completely dismantle the process of synchronization be-
tween the left and right brain hemispheres. On the other hand decreasing of the mean
phase coherence between two frontal or two back channels following the deepening
of the anaesthesia indicated the loss of synchronization. The bigger synchronization
was in the posterior part of the brain.

3.6. Scalograms

The results of EEG-signal analysis performed using scalograms are shown at Fig. 11.
Figures 1 1A and 11B show the EEG activity during the burst-suppression stage of the
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isoflurane anaesthesia. The wavelet analysis shown that the contribution of charac-
teristic 5 Hz frequency wave dominated in the burst suppression region (Fig. 11A).
The hypothesis about the existence of 5 Hz rhythm generation mechanism in the
neuronal network responsible for burst activity could be formulated. The presence
of'this characteristic frequency is seen particularly in the frontal channels but it does
not mean that the generation mechanism must be placed there [31]. In the case of
burst with presence of other forms like spike-wave activity contribution of other
frequencies to the scalogram were observed (Fig. 11B). -

Figure 11C and 11D present the EEG-signal fragments for patient 2 under the
desflurane anaesthesia. In the first hour of the anaesthesia a very strong contribution of
the 12 Hz component appeared (Fig. 11C). The strength of this contribution was com-
parable to the contribution of 5Hz component in the burst suppression region. In the last
segment of the EEG-signal the contributions of components for the frequencies about
15 Hz were the strongest (Fig. 11D). This fragment corresponds to high content of the
fast EEG activity (beta waves) observed during the recovery presented in Fig. 8.

This data shown that the scalograms revealed the structure of EEG-signal more
precisely than the spectrograms [Fig. 6-8].

3.7. Time and Frequency Marginal Distributions

The frequency marginal plots for the region of burst suppression manifested two
distinctive frequencies: 5 Hz and 3 Hz (Fig. 12). The 5 Hz waves dominated at the
frontal channels. They were present at the posterior channels also, but with much
lower spectral energy. This analysis shown the evolution of the dominant 5 Hz fre-
quency waves during the whole burst suppression region.

In the time marginal course a series of distinct spikes was observed (Fig. 13A
and B). They corresponded to the signal instantaneous power increases for bursts
appearing during the burst-suppression region. The spike-slow wave forms can also
give some contribution to these power increases. Distribution of the duration of time
segments between the successive bursts was calculated for four channels using the
normalized time marginal data for six thresholds: 0.1, 0.15, 0.2, 0.25, 0.3, 0.35. The
maximal value of the normalized instantaneous power greater than given threshold
was calculated for the short segments corresponding to each spike and then dis-
tances between successive maxima were determined. Only the distribution obtained
for the threshold 0.1 was presented (Fig. 13C) because the thresholds from 0.15 to
0.25 gave similar results while the higher thresholds resulted in loss of information.
This distribution manifested good regularity (Fig.13C) which corresponded to the
regularity of the volatile anaesthetic concentration changes, i. e., to the concentration
increase and decrease in the region of EEG-signal suppression (Fig. 9). Therefore
this analysis shown that the higher was the anaesthetic concentration the longer were
the segments of EEG-signal suppression.
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Fig. 11. Four examples of the 20-second EEG-signal fragments with their scalograms: A — The charac-

teristic 5 Hz frequency wave contribution in the burst-suppression region was clearly seen; B — Other

frequencies contributed to the scalogram in the case of burst and other forms like spike-slow wave activ-

ity presence. C, D — The contribution of beta waves seen mainly in the range from 12 to 15 Hz. Power

spectral density of the corresponding frequency content in the time moment ¢ was represented using dots
in colour scale
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Fig. 12. Frequency marginals corresponding to the energy spectral densities for the same signal as on

Fig. 13. This figure illustrates the dominant waves of 5 Hz frequency in the frontal derivations, reflec-

ting the burst form contribution. Lines from bottom to top indicate time from the start to the end of the
burst-suppression period lasting about 22 minutes in 32 steps

Moreover, Pearson’s correlation coefficient was calculated for every pair of
time marginals and for time lag changed from —5 sec to 5 sec every 0.01 sec. Time
shift was not observed for channels placed in the opposite hemispheres (F3C3-F4C4
and P301-P402 channels), but there existed time shift for the posterior channels
in reference to the frontal ones. For the left posterior derivation time shift was
equal to 0.2 sec in reference to both the frontal channels and for the right poste-
rior derivation the time shift was equal to 0.27 sec in reference to both the frontal
channels. This observation could suggest that bursts generator is localized in the
frontal lobe.
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Fig. 14. Correlation of the time marginals in the burst-suppression region for every pair of channels.

There was no time shift between the left and right hemisphere (for F3C3-F4C4 and P301-P402 chan-

nels). For the left posterior derivation time shift was equal to 0.2 sec with reference to both the frontal

channels and for the right posterior derivation the time shift was equal to 0.27 sec with reference to
both the frontal channels was observed

4. Discussion and Conclusions

The EEG patterns observed in this study possessed all characteristic features typical
for the functional state evoked by the volatile anaesthetics described in the literature
[1, 11,13, 31-33]. These were slow waves, burst forms, isolated spikes and spike-slow
wave patterns and continuous fast EEG activity in the alpha and the beta frequency
range appearing predominantly in the frontal channels. In general many patterns of
the background EEG activity induced by the volatile anaesthetics have spiky char-
acter. That may reflect functional disposition of some cerebral structures resulting
in promotion of the development of epileptiform EEG patterns and motor seizures,
especially in people with epilepsy. However the comparison of the obtained results
with those of the previous studies should be done with caution because some patterns
of activity, as for instance bursts, are described in the literature using the same name
nevertheless that they manifest different structure [34, 35].

The performed analysis demonstrated the following quantitative features char-
acteristic for the EEG-signal evoked by the volatile anaesthetics:

1. The contribution of the alpha waves in the overall EEG pattern was gradually
decreasing with increasing depth of anaesthesia with complete suppression during
the deepest anaesthesia. The amount of the alpha activity was increasing again when
the patient was awakening.
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2. Diminishing of the alpha wave contribution corresponded to the fractal di-
mension decrease. The fractal dimension increased again in the burst-suppression
fragment of EEG activity.

3. Mean phase coherence for pair of the frontal channels and pair of the posterior
channels in both brain hemispheres rapidly decreased in the burst-suppression region.
The bigger decrease was observed in the posterior part of brain.

4. The relationship between spectral power for waves of frequencies 5 Hz and
10 Hz with concentration of the volatile anaesthetic was observed. For the minimal
alveolar concentration (MAC) in the range from 0.5 to 1.0 the power of 5 Hz theta
waves was comparable with that for the alpha waves (10 Hz). For MAC greater than
1.0 this relationship was different, i.e. the power of the theta waves was large while
power of the alpha activity was small.

5. In the frequency marginals two distinctive frequencies: 5 Hz and 3 Hz were
observed. The 5 Hz waves dominated at the frontal channels. They were present at
the posterior channels also, but with much lower spectral energy. The dominant 5
Hz waves in the frontal derivations reflected the burst form contribution.

6. Correlations of the time marginals in the burst-suppression region for every
pair of channels shown that time shift was not observed for the channels placed in
the opposite hemispheres (F3C3-F4C4 and P301-P402 channels), but there existed
time shift for the posterior channels with reference to the frontal ones. For the left
posterior derivation time shift was equal to 0.2 sec with reference to both the frontal
channels and for the right posterior derivation the time shift was equal to 0.27 sec
with reference to both the frontal channels. This observation possibly suggests that
the bursts generator is localized in the frontal lobe.

Comparison of the different analysis methods for study of evolution of the EEG
activity in the course of anaesthesia was performed. Relationships between spectral
power, fractal dimension and mean phase coherence and the concentration of the
volatile anaesthetic were observed. Each of used methods gave complementary in-
formation about the same signal and permitted to evaluate utility of each of them to
study different signal features.

The frequency progression pattern was observed earlier by Lloyd-Thomas et
al. [36] who found that increased concentrations of isoflurane produced decreasing
of fast and increasing of slow wave component in the EEG-signal. Other authors
[37-40] also reported results for the EEG-signal registered from the start of the pro-
pofol anesthetic infusion to the onset of the burst suppression pattern but they did not
study the time-spectral characteristics during the burst suppression and during the
recovery or with other drugs. In our study the EEG-signal was registered continuously
from the wake state, through the induction of anaesthesia and all stages including
the burst-suppression period to the recovery from anaesthesia. The progression of
the EEG-signal spectrum was treated as a whole and demonstrated in form of the
spectrogram. For the different volatile anesthetics agents (isoflurane, sevoflurane
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or desflurane) we observed similar pattern. The particular role of the alpha waves
contribution to the spectrum was underlined also.

Lipping et al. [41] analyzed coherence of the EEG-signal during propofol an-
aesthesia using standard Matlab function cokere. They showed that the beta activity,
corresponding to spindles, started several minutes before the onset of burst suppres-
sion and slowed down gradually. However this coherence could only be seen between
the depth electrodes and the scalp. No studies are performed with other anesthetics.
Koskinen et al. [39, 42] observed systematic phase synchronization changes between the
EEG channels in certain frequency bands during induction and recovery from propofol
anaesthesia. They applied the same algorithm for mean phase coherence calculation as
in our work. However, they had not quantified the relation between phase synchroniza-
tion and levels of anaesthesia other than induction and recovery. In consequence they
had not observed the behavior of coherence for the most interesting fragment of the
EEG-signal during anaesthesia which is the burst-suppression region.

The relation between fractal dimension and spectral analysis of the EEG-signals
during isoflurane, desflurane and sevoflurane anaesthesia was reported for the first
time in our paper. The fractal dimension method regarding spectral methods gives
more precise information about transient changes in the signals giving the possibility
to determine the exact moment of anaesthetic induction and early warn of undesired
events. Unfortunately, neither the spectral methods nor the fractal dimension and
mean phase coherence permit to analyze so short transient activity like spike-waves.
It seems that the wavelet analysis is especially useful for this purpose.

The wavelet analysis was applied previously to studing of EEG activity during
anaesthesia. Sarkela et al. [43] developed the wavelet subband entropy — a novel
method for detection and quantification of the epileptiform electroencephalographic
activity during sevoflurane anaesthesia. This method is useful in off-line analysis
only because of its time-consuming algorithm. Moreover, these authors did not give
any information about features of the EEG-signal during anaesthesia. They were
concentrated on the epileptiform detection only. The results of our study shown that
the wavelet analysis gave additional information about the EEG-signal registered
during the anaesthesia evoked by fluorinated inhalation anaesthetics.

The analysis of burst-suppression region shown that in the frequency marginals
two distinctive frequencies: 5 Hz and 3 Hz were observed. The 5 Hz waves dominated
at the frontal channels. These waves were present at the posterior channels also, but
with much lower spectral energy. The dominant 5 Hz waves in the frontal derivations
reflected the burst form contribution.

The analysis of correlation between the time marginals shown absence of time
shift between the channels placed in the opposite hemispheres (F3C3-F4C4 and P301-
P402 channels). On the contrary, time shift existed for the posterior channels with
reference to the frontal ones. For the left posterior derivation with reference to both the
frontal channels time shift was equal to 0.2 sec and for the right posterior derivation
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with reference to both the frontal channels the time shift was equal to 0.27 sec. This
observation could suggest that the bursts generator was localized in the frontal lobe.

Hudetz and Imas [34] observed burst activation by flash stimuli during isoflurane
anaesthesia in rats. They reported that spontaneous and flash-induced burst were
similar in frequency, latency and spatial distribution. They found maximum power
in the frontal cortex but, unlike in our work, with a dominant frequency of 10 Hz.

Further studies aimed at detection of spike-wave form features and their evolu-
tion in the course of anaesthesia for different concentrations and different kinds of
volatile anaesthetics should be carried out.
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