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ABSTRACT 

This study uses statistical techniques to 

determine anesthetic depths of three females undergoing 

total abdominal hysterectomies. Spectral analysis of 

the electroencephalogram is employed to define changes 

in brain wave activity under different levels of 

anesthesia after administration of diazepam and 

isoflurane. The multivariate statistical technique of 

discriminant function analysis is used to determine 

which frequencies, or linear combinations of 

frequencies, yield the most information for 

classification of the electroencephalogram samples into 

one of three anesthetic depths (mild sedation, moderate 

anesthesia, or anesthetic sleep). 

Spectral analysis of the electroencephalogram 

showed similar results for all three patients after 

administration of diazepam (mild sedation), but widely 

varying results among patients during anesthesia using 

isoflurane. 

The combination of spectral analysis and 

discriminant function analysis showed reliable 

discrimination among the three anesthetic depths. The 

ability to discriminate was significantly improved when 

only two anesthetic depths were used. 

• » 
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CHAPTER 1 

INTRODUCTION 

It has been shown repeatedly that particular 

frequencies of EEG indicate certain types of brain 

activity, ranging from intense cerebration to sleep 

(Dolce and Waldeier 1974, pp. 577-84; Gille et al. 

1979, pp. 39-41). Yet, spectral analysis of the EEG 

varies greatly between subjects and its interpretation 

is highly subjective. It is not clear which 

frequencies are most important in determining 

anesthetic depth (Findeiss et al. 1969, pp. 1018-23; 

Sokolova 1975, pp. 120-3). Therefore, the EEG is not 

used by the anesthesiologist as a reliable tool for 

decision making in the operating room setting. 

The purpose of this paper is to develop an 

empirical basis for the interpretation of the EEG under 

anesthesia. The technique combines the use of spectral 

analysis, widely used in the numerical analysis of the 

electroencephalogram (EEG) (Winzer and Shamir 1973, pp. 

659-64), with the multivariate statistical technique of 

discriminant function analysis. Discriminant function 

analysis allows one to determine a linear function or 

functions of a set of variables that maximizes the 

8 
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separation of a priori determined groups of cases. 

Discriminant function analysis within the context of 

anesthesiology allows one to determine which 

frequencies (variables) contribute significantly to the 

separation of EEGs from one anesthetic state from EEGs 

of another state (Donchin and Herning 1975, pp. 51-68; 

Blinowska et al. 1981, pp. 650-8). 

Spectral analysis is useful for portraying a 

frequency domain representation of the variability 

present in the EEG. It describes the amount of power 

over a wide range of frequencies. However, frequencies 

having the most information about anesthetic depth may 

not have a large amount of power. Critical information 

for determining anesthetic depth may be obscured by 

spectral analysis. Additionally, visual interpretation 

of spectra by different researchers varies greatly. 

Discriminant function analysis isolates the frequencies 

(variables) that provide the maximal separation of EEG 

data obtained in different anesthetic states in an 

objective manner that is scientifically rigorous and 

reproducible by different investigators. 



CHAPTER 2 

LITERATURE REVIEW 

The review of previous literature has been done 

using a computerized search, Paperchase. Paperchase 

accesses MEDLINE which is the National Library of 

Medicine's data base of references to biomedical 

literature and is a service of Beth Israel Hospital in 

Boston, Massachusetts. The database contains over five 

million references in various disciplines in the 

medical field covering medicine, nursing, dentistry, 

and health care management. The literature review was 

done for 3400 journals from 1966 to the present. While 

the majority of citations was from journals written in 

the English language, a large body of information may 

also be found in Asian, European, and Soviet Union 

journals. 

There are tens of thousands of references to 

anesthesiology. These were further broken down into 

references concerning the EEG. Narrowing down the 

search even further, articles on the spectral analysis 

of the EEG were listed. Much work has been done in 

this area and a large amount of information has been 

amassed. Several pertinent references were reviewed. 

10 
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Dolce and Waldeier (1974, pp. 577-84) studied the 

spectral analysis of the EEG and how it related to 

various levels of mental activity in man. Findeiss et 

al. (1969, pp. 1018-23) recorded EEG during anesthesia 

and performed a spectral analysis on the collected 

data. The principal anesthetics used were halothane 

and cyclopropane. Gille et al. (1979, pp. 39-41) 

looked at changes in the spectral power density of the 

EEG while solving arithmetic tasks. 

The next step was to search for previous work done 

in the area of the classification of EEG data. This 

search yielded a much smaller number of references. 

Among them is work done by Burger and Lairy (1978, pp. 

891-904) on the multivariate analysis of drug effects 

on electrophysiological signals in man. Poppl (1973, 

pp. 379-401) proposed vector-independent methods for 

classification of EEG, EKG, and other biopotentials. 

Childers et al. (1982, pp. 423-38) used features from 

single EEG records to classify cortical responses. 

There were only two references to the use of 

discriminant function analysis on the EEG. Donchin and 

Herning (1975, pp. 51-68) simulated the efficacy of 

stepwise discriminant analysis in the detection and 

comparison of evoked potentials. This was done .using 



12 

damped sinusoids to simulate averaged cortical evoked 

potentials. The synthesized signal was mixed with 

noise of a known power and bandwidth. The score of an 

averaged evoked potential on a discriminant function 

indicated the presence or absence of the evoked 

potential in the data. 

Blinowska et al. (1981, pp. 650-8) attempted to 

develop an automatic method of EEG analysis using an 

autoregressive parametric model and discriminant 

analysis. The effects of psychotropic drugs on the EEG 

were studied. The coefficients of the autoregressive 

model served as the input to the discriminant analysis 

and proved to be useful in observing the effects of 

medication. 



CHAPTER 3 

THE ELECTROENCEPHALOGRAM 

The electroencephalogram (EEG) measures the 

continuous electrical activity of the brain. It can be 

recorded using three different types of electrodes-

scalp, cortical, and depth electrodes. Scalp electrodes 

measure the electrical activity of the brain at the 

surface of the scalp. The amplitude of these signals is 

approximately 100 microvolts. 

Cortical electrodes are used to record the EEG 

from the exposed surface of the brain, while depth 

electrodes measure potentials within the brain. The 

potentials measured with these electrodes are about 10 

millivolts (mV). The EEG is most often recorded at the 

scalp since it is a non-invasive measurement, even 

though the amplitude of the signal is smaller. 

Brain waves are often irregular, exhibiting a 

spectrum of frequencies between 0.5 and 100 Hertz (Hz). 

Yet, at certain times, the EEG reveals distinct 

patterns that characterize different levels of mental 

activity. The EEG is often used as a tool for 

diagnosing organic abnormalities of the brain such as a 

tumor, epilepsy, or the extent of post-trauma brain 

13 
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injury. 

The four major types of brain waves are defined as 

a function of frequency. They are alpha, beta, theta, 

and delta waves. Each of these is associated with a 

different level of mental activity. 

Alpha waves are indicative of a normal brain when 

the individual is awake and resting quietly. The 

amplitude of alpha waves ranges from 20 to 200 

microvolts with a frequency between 8 and 13 Hertz 

(Hz). 

Beta waves are associated with high levels of 

mental activity, deep concentration, and periods of 

tension. The frequency of beta waves is between 14 and 

30 Hz. 

Theta waves are most often seen in the EEGs of 

children when a pleasant experience is suddenly 

interrupted. For example, theta waves can be induced 

by giving a child a toy and then suddenly taking it 

away. Theta waves in adults are associated with 

periods of frustration or emotional stress. The 

frequency range of theta waves is 4-7 Hz. 

Delta waves occur during deep sleep and under 

anesthesia. The EEGs of infants show large numbers of 

delta waves. Delta waves have the lowest frequency 

with a range from 0.5 to 3.5 Hz. 
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The mechanism of action of thought is largely a 

mystery but the EEG is believed to originate in the 

cortex of the brain (Walter and Adey 1966, pp. 772-807 

Clark 1978, pp. 184 - 207). The signal that is picked 

up by the electrodes is produced by a current dipole in 

pyramidal cells. Pyramidal cells are elongated, 

densely packed cells located in the cortex of the 

brain. These cells are oriented, so that if a 

potential is generated across them longitudinally,the 

summation of these vector potentials adds up to a 

significant signal (about 100 microvolts) that can be 

picked up on the scalp as the EEG (Clark 1978, pp. 184 

- 207). Pyramidal cells (highly differentiated 

neurons) include an axon, cell body, and a dendrite. 

The axon is a smooth, uniform fiber that is specialized 

for the transmission of signals in the nervous system. 

The dendrite is an irregular, tree-like structure whose 

branches terminate in bulbous endings. These bulb-like 

endings contain the receptor sites for the 

electrochemical stimulation that causes a signal to be 

transmitted from one neuron to another. Between 

pyramidal cells is a synapse that allows unidirectional 

transmission of the excitation from one cell to the 

next. 

A signal is transmitted in the following manner. 
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An action potential travels along an axon to its 

termination on the dendrite of another cell. A 

transmitting chemical, acetylcholine for example, is 

released from the axon terminal and diffuses across the 

synapse and interacts with receptors on the ends of the 

dendrites. This action produces a change in the 

electrical properties of the cell membrane of the 

pyramidal cell (depolarization), thereby generating an 

action potential. This depolarization travels from the 

cell body along the axon to its termination on another 

dendrite. Here the terminal releases a transmitting 

chemical into the next synapse and the next cell is 

excited in the same way. As the dendrites on each 

pyramidal cell become depolarized, the dendritic 

portion of the neuron becomes negatively charged, with 

respect to the cell body, and the charge moves along 

the cell membrane causing the axon to become positively 

charged. This difference in potential creates a path 

for current flow through the cytoplasm of the neuron. 

This in turn generates an IR potential across the 

pyramidal cell. The asynchronous excitations of the 

various endings of the dendrite create a constantly 

changing current dipole in the cell producing 

fluctuations in electrical activity. 

The action potential generated by a pyramidal cell 
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is very small and does not, by itself, contribute 

significantly to a signal that may be measured at the 

scalp. However, electrophysiologists believe that a 

direct stimulation of a large number of these cells 

simultaneously (as in an evoked response) yields a 

significant signal (Clark 1978). It is the vector sum 

of these signals that can be measured using scalp 

electrodes as the EEG. The magnitude of the EEG 

depends on the sign and vector direction of the signal 

as well as the distance from the signal to the site of 

the measurement electrode. 



CHAPTER 4 

DATA ACQUISITION 

Bilateral EEG data were obtained from three female 

patients between the ages of 35 and 45. All were 

undergoing total abdominal hysterectomies at the 

University Medical Center in Tucson, Arizona. The 

procedures varied in length from 194 minutes to 200 

minutes. All subjects had Valium (a registered 

trademark of the generic drug diazepam) administered 

prior to the surgery. The principal inhalation 

anesthetic used was Forane (a registered trademark of 

the generic drug isoflurane). The subjects were chosen 

to reduce differences in the EEGs due to anesthetic 

used, surgical procedure, subject sex and age, and the 

amount of time that the subject was under anesthesia. 

EEG data from both left and right hemispheres of 

the brain were recorded using scalp electrodes. The 

entire surgical procedure was recorded in analog form 

on a Hewlett-Packard 3964A Instrumentation Recorder. 

This assured acquisition of a representative sample of 

EEG during all levels of anesthesia. Since the EEG 

signal obtained using scalp electrodes is typically on 

the order of 100 microvolts, the signal was greatly 

18 
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amplified by the recorder. 

The next step was to remove and digitize segments 

of the analog data at three selected anesthetic depths. 

Anesthetic depths were determined hemodynamically, by 

monitoring the electrocardiogram (ECG) and blood 

pressure using a non-invasive cuff, and by subjective 

information given by the anesthesiologist. The three 

levels of anesthetic depth studied are: 

1) Mild sedation (Valium only, no anesthetic 

inhalant) 

2) Moderate anesthesia 

3) Anesthetic sleep 

The EEGs were digitized at a sampling rate of 350 H z  

which allowed an examination of differences in the 

frequency spectra over the 0.5 to 100 Hz range normally 

encountered in the EEG. Digitization was done by 

replaying selected portions of the tape into a MetraByte 

analog to digital converter (Model 16) using Asystant 

Plus software on an Artisoft PC AT microcomputer. Three 

segments of EEG were selected and digitized for each 

anesthetic state. This was done for both left and right 

hemispheres for each subject. This yielded a total of 

twenty-seven samples of data for each hemisphere. Each 

sample contains 8000 consecutive data points representing 

a continuous time series of 22.8 seconds. 
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The digitized data were converted from Asystant Plus 

format to ASCII format for compatibility with an IBM PC 

AT. ASCII format was necessary to allow transmission of 

the files from the PC AT microcomputer to the Control 

Data Corporation CYBER 175 mainframe in the University 

Computer Center at the University of Arizona, where data 

manipulations were performed. The software packages used 

were SPSS, Statistical Package for the Social Sciences 

(Nie et al,1975), and BMDP, Biomathematics Department 

Programs (Dixon et al, 1981). SPSS and BMDP used for 

spectral analysis and discriminant function analysis, 

respectively. 

Noise, from 60 Hz to radio frequency, is a non-

trivial problem in the operating room environment 

(Nakamura and Shibasaki 1987, pp.89-92). An anti

aliasing filter was placed at the front end of the 

recorder. Extremely noisy procedures, such as the use of 

an electrosurgery unit, were noted and deliberately 

avoided when digital sampling was done. 

Another potential problem encountered when acquiring 

EEG data with scalp electrodes is muscle artifact due to 

movement of the facial muscles (Fortgens and De Bruin 

1983, pp. 90-6). Since electromyogram signals can be as 

high as 2000 microvolts, the slightest eye movement can 

totally mask the EEG signal which is roughly 100 
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microvolts. Subjects in this study were anesthetized at 

the time of data acquisition and a paralyzing agent had 

been administered, so there is little problem with 

movement artifact. 



CHAPTER 5 

SPECTRAL ANALYSIS METHODS 

After digitization, sach preselected segment of 

EEG is represented by a series of 8000 values x(t). 

The first step in computing the power spectrum is to 

compute the auto-covariance function or its normalized 

counterpart, the auto-correlation function. The auto

correlation function is encountered more frequently 

because it varies from -1 to +1. A value of one 

indicates a perfect correlation with the polarity 

denoting a positive or negative relationship and a 

value of zero indicating no association. 

The auto-covariance function gives an idea of the 

time dependence within the time series, which is a 

measure of how well a value could be predicted using a 

previous value in the series. The formula for the 

auto-covariance function is 

1 n~1 c^Cj) — — £ . ; j — 0,1,...m; x^ — x^. — x 
t=j 

where: j = number of lags 

n = number of samples 

Xj. = value at time t 

22 
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x <= value at time (t - no. of lags) 
t-D 

"x = mean of the value of x 

The auto-correlation function is computed as the 

ratio of the auto-covariance function divided by the 

variance. The formula for the auto-covariance function 

is 

cxx«' 
rxK<j) " OS 

XX 

The power spectrum is produced by the fast Fourier 

transform (FFT) of the smoothed auto-correlation 

function. Before performing the FFT, the auto

correlation function is smoothed which yields a better 

estimate of the population, thereby increasing the 

stability of the spectral estimates. The smoothing 

procedure used here is the Parzen window. 

w(j) = 1 - 6(j/m)2 + 6(j/m)3 for j = 0,1,... (m/2) 

w(j) = 2{l-{j/m) 3} for j = {(m/2)  +  l},...m 

where m - 100. 

The next ste£> is to compute the power spectrum by 

obtaining the FFT of the smoothed auto-correlation 

function. 
m 

p (j) = 1/2ti {w{0)*c (0) +22 v;(k)*c(k) *cos (ttjk/m)} 
X XX 1 1 Xit 
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where j = 0, 1, 2 ,  . . .  m. 

The power spectrum specifies the strengths of 

periodic tendencies in the series. The mildly sedated 

patient would be expected to have an EEG with most of 

the power between 8 and 14 Hz, indicating alpha waves. 

The moderately anesthetized patient would be expected 

to demonstrate a loss of wakefulness indicated by less 

power between 8 and 14 Hz and higher power between 0.5 

and 3.5 Hz than mildly sedated subject. The heavily 

anesthetized patient would be expected to exhibit a 

large amount of delta waves and therefore show even 

higher power at very low frequencies between 0.5 and 

3.5 Hz. 

The spectral density function is to the power 

spectrum in the frequency domain what the auto

correlation function is to the auto-covariance function 

in the time domain: it normalizes it. Normalization is 

desirable when power spectra taken at different times 

and from different individuals are to be compared. The 

spectral density formula is 

where sigma is the standard deviation of the original 



signal. Spectral density is described in units 

gravitational force squared per Hertz, [(g)(g)J / Hz. 



CHAPTER 6 

DISCRIMINANT FUNCTION ANALYSIS METHODS 

Discriminant function analysis begins with the 

desire to statistically distinguish between two or more 

groups of cases. The "groups" in the present situation 

are different anesthetic depths - Valium, moderate 

anesthesia, and anesthetic sleep. The "case" is the 

basic analytical unit for which measurements have been 

obtained. In this analysis, the cases within each 

group are temporally sequential EEG segments from the 

first of the three samples that were obtained. That 

is, for any one subject at a particular anesthetic 

depth, there were three samples of EEG (each containing 

8000 points) taken from each hemisphere. Only the first 

sample of each 8000 points for each subject at each 

anesthetic depth was used in the analysis. (It will be 

shown in Chapter 7 that this first sample of 8000 

points was representative of all three samples taken 

from each subject at each anesthetic depth). Each 

sample of 8000 points was further subdivided into 32 

cases of 250 points each. For example, the first case 

consists of points 1 to 250, the second case is 

composed of points 251 to 500, and so on, through case 

26 



27 

32 which includes points 7751 to 8000. This 

experimental design is shown in Figures 1 and 2. 

To distinguish between groups of cases,the 

researcher needs a collection of discriminating 

variables that measure characteristics on which the 

groups are expected to differ. In the present study it 

is expected that EEGs taken at different anesthetic 

depths will have somewhat different power spectra, as 

outlined in Chapters 5 and 7. The variables on which we 

hope to discern differences among the groups are the 

different frequencies in the power spectra previously 

discussed. For example, each case (containing 250 

points) has been subjected to a power spectrum analysis 

that results in spectral estimates at 15 different 

frequencies: 0.00, 1.75, 3.50, 5.25, 7.00, 8.75, 10.50, 

12.25, 14.00, 15.75, 17.50, 19.25, 21.00, 22.75, and 

24.50 Hz. This frequency range was chosen because 

spectral analysis showed that most of the power lies in 

this range (see Chapter 7). The power at each 

frequency represents the value of that case for that 

variable. The mathematical objective of discriminant 

function analysis is to weigh and linearly combine the 

discriminating variables (frequencies) in some fashion 

so the groups (anesthetic depths) are forced to be as 

statistically distinct as possible. That is, we want to 
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RIGHT HEMISPHERE EEG DATA 

VALIUM ANESTH. 
SLEEP 

GROUP 3 

fSCOO 
PTS.) 

VALIUM ANESiH. 
SLEEP 

GROUP 3 GROUP 1 

(8000 
PTS.) 

GROUP 1 • 

(8000 
PTS.) 

EACH GROUP OF 8000 PTS. IS FURTHER BROKEN OOV,"i 
32 CASES OF 250 PTS. EACH. 

(SEE FIGURE 2 FOR DATA MATRIX) 

SUBJECT N 

LEFT HEMISPHERE EEG DATA 

MODERATE 
ANESTH. 

GROUP 2 

(8000 
PTS.) 

MODERATE 
ANESTH. 

GROUP 2 

£8000 
PTS.) 

FIGURE 1 

Categorization of data obtained from three subjects/ 
both right and left hemispheres, under three anesthetic 
depths. 
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CASE NO. POINT RANGE FREQUENCY (IN HZ.) 

0.50 1.75 3.50 24.5 

1 
2 
3 

52 

1 - 250 
251 - 500 
501 - 750 

. 

7751 -S000 

THIS PORTION OF THE MATRIX INCLUDES 
THE AMPLITUDES OF THE EEG AT 

THE VARIOUS FREQUENCIES ABOVE 

Detailed 

FIGURE 2 

arrangement of the data matrix for each group. 
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be able to "discriminate" between the groups in the 

sense of being able to tell them apart. 

To take a simple example, if we had only two 

groups, Valium and anesthetic sleep, we would probably 

find that EEGs from the anesthetic sleep group had 

greater power at lower frequencies than the EEGs from 

the Valium group. There may also be some frequencies at 

which few, if any, differences are manifest between 

the two groups. Of course, there will probably not be 

any one frequency that allows for a perfect 

differentiation between EEGs of the Valium group and 

EEGs of the anesthetic sleep group. However, by taking 

the information from several frequencies and 

mathematically combining them, we would hope to find a 

single dimension on which cases from the Valium group 

are clustered at one end and those from the anesthetic 

sleep group are clustered at the other. 

Discriminant function analysis attempts to do this 

by forming one or more linear combinations of the 

discriminating variables (frequencies). These 

discriminant functions are of the form: 

D .  =  d .tZ ,  +  d . 0 Z „  +  . . .  +  d .  Z  
l xl 1 i2 2 xp p 

where: = the score on the discriminant function, 

d's are weighting coefficients, 
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Z's are the standardized values of the p 

discriminating variables used in the 

analysis. 

The discriminant score is computed by multiplying each 

discriminating variable by its corresponding 

coefficient and summing the products. Each case will 

have a separate score for each function. Since the 

coefficients of the function are derived so that the 

discriminant scores produced are in standard score 

form, the scores from any particular function will have 

a mean of 0 and a standard deviation of l.o. 

(Coefficients in unstandardi zed form are also available 

and can be multiplied by the actual data values to 

arrive at a discriminant function score. By adding a 

constant to adjust for the grand means, it is identical 

to the score computed from the standardized 

coefficients and standardized data). Each score thus 

represents how many standard deviations the case is 

from the mean of all of the cases on the given 

discriminant function. Averaging the scores for all of 

the cases in a group yields the group mean on the given 

discriminant function. For any one group the means on 

all the functions are the group centroid. It is the 

expected, or most typical, location of a case from that 

group in the geometric space defined by the 
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discriminant functions. For any one function, a 

comparison of the group means provides an indication of 

how far apart the groups are in that dimension. Since 

the first discriminant function is more important than 

the second, which is in turn more important than the 

third, and so on, the differences among the group means 

on higher order discriminant functions are more 

important than for lower order functions. The maximum 

number of functions which can be derived is either one 

less than the number of groups or equal to the number 

of discriminating variables, if there are more groups 

than variables. In the present research there are at 

most three groups (Valium, moderate anesthetic, and 

anesthetic sleep), considerably less than the number of 

discriminating variables (15), representing different 

frequencies from about 0 to 24.5 Hz. 

In an ideal situation, the discriminant scores 

(D's) for the cases within a particular group will be 

fairly similar. The functions are derived in such a 

manner that maximizes the separation of the groups. 

Simply stated, the EEGs taken at a particular 

anesthetic depth should be more similar than EEGs 

obtained at the other anesthetic depths. That is, for 

the technique to have any utility there needs to be 

greater variability in EEGs between groups than within 
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groups, not an unreasonable assumption based on the 

vast amount of information amassed over the years 

concerning the behavior of brain activity under 

different anesthetics. Once the discriminant functions 

have been derived they can be used to pursue the two 

objectives of the technique, analysis and 

classification. 

The analysis part of the technique provides some 

numerical procedures that can be used in data 

interpretation, including statistical tests for 

determining how well the "discriminating" variables 

actually discriminate when combined into the function. 

When there are more than two groups, as in our example 

if all three anesthetic depths are used, it may be 

possible to obtain satisfactory group separation with 

fewer than the maximum number (2 in our case) of 

discriminant functions. Thus, it might be possible to 

provide a mathematically parsimonious description of 

the differences among the groups with one discriminant 

function instead of two. The importance of the 

discriminant functions can be judged in several ways. 

The relative importance of a discriminant function 

can be assessed with the eigenvalue produced as part of 

its derivation. The sum of all the eigenvalues 

associated with all of the functions is a measure of 
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the total variance in the discriminating variables. 

Expressing a single eigenvalue as a percentage of the 

total sum provides a measure of the importance of a 

given discriminant function. Another measure, the 

canonical correlation, depicts the association between 

the discriminant function and the groups. Its square is 

the amount of variance in the discriminant function 

explained by the groups. 

Another major criterion, Wilk's Lambda, is used 

for eliminating discriminant functions by testing for 

the statistical significance of discriminating 

information not accounted for by earlier functions. 

Lambda is an inverse measure of the discriminating 

power in the original variables not yet accounted for 

by the discriminant functions - the larger its value 

the less information remaining. 

The discriminant functions can be thought of, and 

actually represent, the axes of a geometric space. 

Therefore, they can be used to study the spatial 

relationships among the groups. Each discriminant 

function represents a dimension of variability 

orthogonal to other dimensions. Each group, as 

represented by its centroid, can be considered as a 

point describing its location relative to the other 

groups. The values of the coefficients in the 
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discriminant functions can serve to identify the 

variables (frequencies) which contribute most to 

differentiation along the respective dimension, or 

function. 

The use of discriminant analysis as a 

classification technique occurs after the initial set 

of computations. Once a set of variables (frequencies) 

has been found that provides adequate discrimination of 

cases (EEG segments) with known group (anesthetic 

depth) affiliation, a set of classification functions 

can be computed which permits the classification of new 

cases (EEG segments) with unknown group (anesthetic) 

membership. That is, if we find particular combinations 

of frequencies that do well in determining which 

anesthetic depth EEG segments represent, they can then 

be used to predict the most likely anesthetic depth of 

a new EEG. 

In order to check how well our discriminant 

functions actually perform, we can classify the 

original set of cases (EEG segments) to see how many 

are correctly classified by the variables (frequencies) 

used in the discriminant function. The classification 

procedure involves the use of a separate linear 

combination of the discriminating variables for each 

group. These produce a probability of membership in the 
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respective group (anesthetic depth), and the case (EEG 

segment) is assigned to the group with the highest 

probability. 

Frequently there are more potential discriminating 

variables than necessary to achieve an acceptable group 

separation. In order to select the most useful 

discriminating variables, a stepwise procedure can be 

employed. The stepwise procedure begins by selecting 

the single best discriminating variable according to a 

particular criterion. A second discriminating variable 

is next selected as the variable best able to improve 

the value of the criterion in combination with the 

first variable. Additional variables are sequentially 

selected according to their ability to further enhance 

the mathematical description of differences among the 

groups. At each step variables already selected may 

become candidates for removal if they are found to 

reduce discrimination when combined with the newly 

selected variables. At some point either all of the 

potential discriminating variables will have been 

chosen or it will be determined that the remaining 

variables do not contribute to additional 

discrimination. When this point is reached the stepwise 

procedure is terminated and the analysis is performed 

using only the selected variables. 



CHAPTER 7 

SPECTRAL ANALYSIS OF EEG DATA 

Three 22.8 second samples of EEG data were taken 

from the right and left hemispheres of each subject for 

each of the anesthetic states. Each sample of 8000 

points contains 32 cases (see Chapter 6). Each case 

contains 250 points. 

The first step in analyzing the data was to 

compare the three samples taken at one anesthetic state 

from one subject. If the data were a truly valid 

representation of all data from the same subject in a 

given state of anesthesia, there should be very little 

variability between the three samples. Figure 3, as a 

representative example, shows the spectral analysis of 

the EEG from the left hemisphere of Subject 1 after 

Valium had been administered. All three samples of EEG 

from the left hemisphere of the brain were subjected to 

spectral analysis. As can be seen, the data have very 

little variation among samples. All three samples 

showed a power peak close to zero frequency and another 

lower peak around 9 Hz. There is a very close match of 

the three plots at and above 14 Hz. 

Spectral analysis of EEG from the right hemisphere 

37 
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EEG Spectral Analysis,  Valium 
Subject 1, Left Hemisphera 
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Frequency (Hz) 
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FIGURE 3 

Spectral analysis of the three samples of EEG from the 
left hemisphere of subject 1 after administration of 
Valium. 
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of this same subject under Valium is seen in Figure 4. 

This right hemisphere information yields an even higher 

consistency among data samples with almost a perfect 

match at and above 4 Hz. 

The close similarity between the samples for each 

hemisphere of Subject 1 provides for a high level of 

confidence that each 8000 point sample is indeed a 

valid representation of EEG at that anesthetic state. 

Similar comparisons were made for all anesthetic depths 

for all of the subjects. It was concluded in all 

instances that the three temporally successive segments 

from a given hemisphere exhibited considerable 

stability. 

The next step was to plot the spectral density 

function of the EEGs for all anesthetic states for each 

subject to determine the associated changes in the 

frequency domain. Figure 5 shows the spectral analysis 

of EEG from the right hemisphere of Subject 1 at 

various states of anesthesia. As discussed in the 

previous chapter on the EEG, classic interpretation of 

the EEG has associated various levels of brain activity 

with frequency bandwidths. In this particular case 

where the subject was administered Valium, but no 

inhalation anesthetic (isoflurane), the individual's 

EEG would be expected to show a high incidence of alpha 
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FIGURE 4 

Spectral analysis of the three samples of EEG from the 
right hemisphere of Subject 1 after administration od 
Valium. 
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FIGURE 5 

Spectral analysis of EEG from the right hemisphere of 
Subject 1 at various anesthetic depths. 
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waves (8 - 13 Hz) indicative of an awake but quiet 

brain state. As can be seen in Figure 5, subject l 

does indeed have more power in the 8 to 13 Hz range 

under Valium than under inhalation anesthetic? In 

fact, as is to be expected, wakefulness, shown by the 

presence of alpha waves, diminishes with an 

increasingly anesthetized state. 

High levels of brain activity are manifested in 

beta waves (14 - 30 Hz). Figure 5 indicates little 

evidence of intense cerebration that would be expected 

after administration of Valium and throughout the 

surgical procedure with the administration of 

isoflurane. The subject should have been fairly 

relaxed. 

Delta waves (0 - 3.5 Hz) are associated with deep 

sleep. Anesthetic sleep also shows a high incidence of 

delta waves as can be seen in Figure 5. The amount of 

power at zero frequency in the spectrum of anesthetic 

sleep is nearly twice that in the spectrum of Valium 

only. 

Figure 6 shows the same information as Figure 5, 

but using EEG from the left hemisphere of the brain. 

The effect of anesthetic is nearly the same, showing a 

general shift of power toward zero frequency with 

increasing anesthesia. 
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FIGURE 6 

Spectral analysis of EEG from the left hemisphere of 
Subject 1 at various anesthetic depths. 
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Figure 7 shows the spectral analysis of the EEG of 

the left hemisphere of Subject 2 under various levels 

of anesthesia. This power spectrum does not adhere to 

the classic frequency interpretation of EEG as did 

Subject 1. The power spectrum associated with Valium 

is nearly identical to that of Subject 1, and there is 

a shift of the power toward zero frequency with 

moderate anesthesia. However, the power spectrum for 

anesthetic sleep is totally unexpected. There is 

little evidence of delta waves normally associated with 

deep sleep. Instead, there is a power plateau from 5.3 

- 15 Hz. This normally indicates the presence of theta 

waves (4 - 7 Hz) associated with emotional stress and 

alpha waves (8 - 13 Hz) indicating an awake but quiet 

brain state. This surprising pattern is repeated 

in Figure 8 which shows the same information but for 

the right hemisphere of Subject 2. 

Figures 9 and 10 depict the spectral analysis of 

the left and right hemispheres! of EEG, respectively, 

for Subject 3. Both the right and the left hemispheres 

again yield remarkably similar power spectra. However, 

like those of Subject 2, the spectra do not follow the 

expected common numerical frequency patterns. The 

spectrum after Valium had been administered looks quite 

similar to those of Subjects 1 and 2. Moderate 
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FIGURE 7 

Spectral analysis of EEG from the left hemisphere of 
Subject 2 at various anesthetic depths. 
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FIGURE 8 

Spectral analysis of EEG from the right hemisphere of 
Subject 2 at various anesthetic depths. 
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FIGURE 9 

Spectral analysis of EEG from the left hemisphere of 
Subject 3 at various anesthetic depths. 
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FIGURE 10 

Spectral analysis of EEG from the right hemisphere of 
Subject 3 at various anesthetic depths. 
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anesthesia produced a peak at 10.3 Hz indicating some 

level of wakefulness. Anesthetic sleep shifted the 

spectrum toward zero frequency with a higher incidence 

of delta waves indicative of deep sleep and a second, 

smaller peak between 7 and 9 Hz indicating some 

emotional stress. 

Figures 11 and 12 depict the EEG power spectra of 

the left and right hemispheres, respectively, of all 

subjects after administration of Valium. All three 

subjects showed remarkably similar spectra. However, 

as inhalation anesthetic is administered, the effect on 

the power spectra is totally different for each subject 

as can be seen in Figures 13 - 16. 

In summary, the following results were obtained 

from the spectral analyses of the EEGs at various 

anesthetic states: 

o An 8000 point sample of EEG data 

taken at 350 Hz yields a valid and 

repeatable representation of data. 

o The spectral analysis of the EEG from 

the left hemisphere of the brain is 

very similar to that taken from the 

right hemisphere for all subjects for 

all anesthetic states. 

o All subjects had nearly identical 
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FIGURE 11 

Spectral analysis of EEG from the left hemispheres of 
Subjects 1, 2, and 3 after administration of Valium. 
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FIGURE 12 

Spectral analysis of EEG from the right hemispheres of 
Subjects 1, 2, and 3 after administration of Valium. 
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FIGURE 13 

Spectral analysis of EEG from the left hemispheres of 
Subjects 1, 2 ,  and 3 after administration of isoflurane 
(moderate anesthesia). 
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FIGURE 14 

Spectral analysis of EEG from the right hemispheres of 
Subjects 1, 2, and 3 after administration of isoflurane 
(moderate anesthesia). 
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FIGURE 15 

Spectral analysis of EEG from the left hemispheres of 
Subjects 1, 2, and 3 in anesthetic sleep. 
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FIGURE 16 

Spectral analysis of EEG from the right hemispheres of 
Subjects 1, 2, and 3 in anesthetic sleep. 
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power spectra after administration of Valium, 

o All subjects had very different power 

spectra after administration of 

moderate anesthesia and during 

anesthetic sleep. 

o The EEG of Subject 1 yielded a power 

spectrum at various levels of 

anesthesia that matched the common 

numerical frequency interpretations 

of brain activity associated with 

that level of wakefulness. 

o The EEG of Subjects 2 and 3 did not 

yield power spectra that coincided 

with common numerical frequency 

interpretations associated with 

various states of anesthesia. 



CHAPTER 8 

DISCRIMINANT FUNCTION ANALYSIS OF EEG DATA 

The most difficult task in the discriminant 

function analysis was to determine which power spectrum 

values to use. The spectrum values might yield results 

considerably different from those obtained using the 

values of spectral density. As discussed in Chapter 5, 

the spectral density is found by dividing the spectral 

values at each frequency by the variance. Thus, the 

spectral density function shows the relative 

distribution of power by frequency. The effect of this 

manipulation of the power spectrum on the discriminant 

function analysis was unknown a priori. For this 

reason, it was necessary to perform the discriminant 

function analysis on both the original spectrum and the 

spectral density values to see which yielded a better 

separation of EEG at various depths of anesthesia. 

Another question that arose was whether data from 

the left and right hemispheres should be treated 

separately or together. Again, the method for yielding 

a better discrimination between anesthetic depths may, 

for example, involve combining spectral information 

from the two hemispheres for the EEG obtained. The 

57 
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only reasonable way to determine the answer was to 

perform the discriminant function analysis on the data 

from each hemisphere separately and then together. 

As suspected, the results were different 

depending on what spectral information was subjected to 

discriminant function analysis. Unfortunately, no 

general rule could be established for all anesthetic 

depths. In other words, it was not possible to 

conclude that one hemisphere yielded better information 

for discrimination of EEG at all anesthetic depths. 

However, the spectral density values were generally 

more useful than the original spectral estimates in 

discriminating between the anesthetic depths. 

A further analysis was done using only two 

anesthetic states (groups) at a time. The results of 

discriminant function analysis were astonishing. For 

example, the separation between EEG obtained after the 

administration of Valium and moderate anesthesia was 

far better than the separation between all three 

anesthetic depths at once. This also held true for the 

separation of EEG from moderate anesthesia and 

anesthetic sleep. This would seem reasonable since the 

objective is to derive a function for separating two 

groups instead of three. The number of discriminant 

functions is reduced to only one (see Chapter 6). 
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The strength of the discriminant function analysis 

in determining anesthetic depth is in the ability to 

classify EEG segments into the correct group. After 

the generation of the discriminant functions in the 

analysis phase, a self test is man to determine how 

well the functions perform. The classification 

strength is given in percentages of correct group 

placement of the original cases. For example, if the 

functions had absolutely no discrimination power, 33% 

(32 of the 96 cases) of the EEGs would be allocated 

(classified) in each category of anesthesia. This is 

essentially no better than random assignment of cases 

to groups. If the discriminant functions gave a strong 

separation of EEG among anesthetic depths (groups), the 

percentage would be much higher in each category. 

Table 1 depicts the percent correct classification 

of EEG from Subject 1 at various anesthetic depths 

using spectral values and spectral density values. The 

table also shows the percent correct classification of 

EEG using data from all three anesthetic depths 

simultaneously or using data from only two depths at a 

time. 

Concentrating on the data from all three groups 

simultaneously, the spectral values and the spectral 

density values yielded percent correct classification 
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values that are compared for various depths of 

anesthesia. For the Valium group, EEG from the left 

hemisphere yielded percentages of correct 

classification from 15.6 to 28.1. EEG from the right 

hemisphere fared about as well as EEG from both 

hemispheres together yielding from 34.4 to 56.3% 

correct classification, with spectral density values 

giving a better classification than spectral values. 

EEG from moderate anesthesia showed excellent 

classification using values of the power spectrum from 

the right hemisphere (90.6%) alone and both hemispheres 

together (96.9% correct classification). 

EEGs from anesthetic sleep were best separated 

using information from the left hemispheres or both 

hemispheres together with 62.5 to 78.1% correct 

classification. 

When the number of groups was reduced from three 

to two, the percent correct classification rose 

dramatically. The first two groups studied were the 

EEGs from Valium and moderate anesthesia. Table 1 

shows that there was 78.1% correct classification in 

the Valium group using spectral values and 75.0% 

classification using spectral density values. This is 

a great improvement over the roughly 50% correct 

classification obtained using all three anesthetic 
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states at once. 

Similar results were obtained for moderate 

anesthesia but with values in the 90's using either 

spectral or spectral density values for the 

discriminant function analysis. 

Separation between EEG from moderate anesthesia 

and anesthetic sleep was also better than separation 

between all three anesthetic depths (Table 1). The 

best separation was achieved using values of spectral 

density from both hemispheres simultaneously. 

In the discriminant function analysis of Subject 

1, spectral density estimates in frequency bands from 

both hemispheres provide the best separation of 

anesthetic depths. The first variable entered in the 

stepwise selection procedure is the frequency 

information at 8.75 Hz from the left hemisphere. The 

second most important variable was the information at 

10.5 Hz from the right hemisphere, which in turn was 

followed by the values at 8.75 Hz from the same 

hemisphere. The information contained in these three 

frequency bands allowed for the correct classification 

of 46.9, 84.4 and 62.5% of the cases (EEG segments) 

from the Valium, moderate anesthetic, and anesthetic 

sleep groups respectively, for an overall success rate 

of about 65%. 
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Considering only the original spectral estimates, 

the first variable entered in the stepwise selection 

process is for values at 10.5 Hz from the left 

hemisphere. At step two the variable selected 

represents power at 8.75 Hz from the right hemisphere, 

and the final variable entered represents the values at 

1.75 Hz from the left hemisphere. This linear 

combination of variables yielded correct group 

placement of 34.4, 96.9, and 71.9% of the cases from 

the Valium, moderate anesthetic, and anesthetic sleep 

groups, for 67.7% overall correct classification. 

Analogous interpretations can be generated for any of 

the other analyses using frequency information, either 

the original spectral values or the spectral density 

function estimates, and from either the right or left 

hemispheres. 

Moving from the three group to a two group 

discrimination problem results in considerable 

improvement in discrimination ability. For example, in 

comparing Valium to moderate anesthetic for Subject 1 

using spectral density estimates from both hemispheres, 

75% of the Valium EEG segments and 90.6% of the 

moderate anesthetic cases (82.8% overall) are correctly 

classified using information from just four frequency 

bands. The first and most important variable for 
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separating the two groups is the found to be at 10.5 Hz 

from the right hemisphere. This is followed by the 

second variable selected, 21 Hz from the right 

hemisphere, which in turn is followed by 10.5 Hz from 

the left hemisphere. The final variable selected in the 

group separation process is 0 Hz from the right 

hemisphere. These variables can be compared to the 

results achieved using the original spectral values. 

The original spectral values from three frequency 

bands permit' correct classification of 78.1% of the 

Valium EE6 segments and 93.8% of those obtained under 

moderate anesthetic, for an overall success rate of 

85.9%. The variables chosen in the stepwise process, in 

their order of entry, are 10.5 and 21.0 Hz from the 

right hemisphere, and 0 Hz from the left hemisphere. In 

both discriminant function analyses, using the original 

spectral estimates and the spectral density estimates, 

the most important discrimination information is 

derived from the right hemisphere. 

A discriminant function analysis was also 

performed for the moderate anesthetic and anesthetic 

sleep groups for Subject 1. The spectral density 

estimates from both the right and left hemispheres were 

used as potential variables for separating the two 

groups. The first and most important variable selected 
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was 8.75 Hz from the left hemisphere, while the second 

was for the same frequency but from the right 

hemisphere. These two frequencies alone allowed the 

correct classification of 93.8% of the Valium and 84.4% 

of the anesthetic sleep EEG segments, for an overall 

success rate of 89.1%. 

Results achieved with the original spectral values 

were not quite as good as with the spectral density 

estimates. The first variable selected was 8.75 Hz from 

the left hemisphere, followed by 5.25 Hz from the same 

hemisphere. The information at these two frequencies 

was chosen from the potential pool of variables from 

both hemispheres. The linear combination of these two 

variables allows for the correct classification of 

84.4% of the moderate anesthetic EEG segments and 75.0% 

of the anesthetic sleep cases, for a mean success rate 

of 79.7%. 

A similar battery of discriminant function 

analyses was performed on Subjects 2 and 3. Overall the 

best results were achieved using information from both 

hemispheres, therefore the following discussion is 

limited to analyses among groups based on original and 

spectral density values from both sides, not one 

hemisphere or the other. The results for Subject 2 are 

described first. 
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The results of the discriminant function analyses, 

for separating the three anesthetic depths for Subject 

2 were considerably better than for Subject 1. Overall 

the results using the spectral density estimates were 

better than those using the original spectral values. 

Ten frequency bands of spectral density values were 

selected in the stepwise entry procedure for 

distinguishing the three anesthetic depths. In order of 

importance they are 15.75 Hz from the right hemisphere 

(rh), 24.50 Hz from the left hemisphere (lh) , 12.25 Hz 

(rh), 3.50 Hz (rh) , 0 Hz (rh) , 7.00 Hz (lh) , 14 Hz 

(rh), 8.75 Hz (rh), 0 Hz (lh), and 17.50 Hz (lh). After 

the 14 Hz information from the right hemisphere was 

selected the 15.75 Hz right hemisphere variable 

selected at the first step was removed from the 

analysis, because the group discrimination it 

originally provided was compensated for by the new 

variables entered into the function. The linear 

combination of information provided at the frequencies 

mentioned above resulted in 90.6% correct 

classification of the Valium cases, 93.8% of the 

moderate anesthetic cases, and 100.0% of the anesthetic 

sleep cases, for a mean success rate of 94.8%. 

The three group discrimination results for the 

original spectral values is not as spectacular as those 
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provided by the spectral density function estimates, 

but they are better than any of the results for Subject 

1. Using a linear combination of information provided 

at six frequencies, 62.5% of the Valium cases were 

correctly reclassified, and 100% of the moderate 

anesthetic cases and 90.6% of the anesthetic sleep 

cases were correctly placed in the right group. The 

discriminating variables selected, in their order of 

importance, are, 7.00 Hz (lh), 17.50 Hz (lh), 12.25 Hz 

(rh), 24.50 Hz (rh), 5.25 Hz (rh), and 12.25 Hz (lh). 

Discriminant analyses were carried out for Subject 

2 for the Valium and moderate anesthetic groups. In 

this case the spectral density estimates did not 

perform quite as well as the original spectral values, 

but only three variables, as opposed to seven using the 

original values, were selected. Interestingly, all 

three of the spectral density estimate values selected 

were from the right hemisphere. In their order of 

importance, they are the information at 12.25 Hz, 3.50 

Hz, and 22.75 Hz. The linear combination of these 

variables allowed 87.5 % of the Valium and 96.9 % of 

the moderate anesthetic EEG segments to be correctly 

reclassified, for an overall success rate of 92.2%. 

If the original spectral estimates are employed, 

the overall success rate is 98.4%. Broken down by 
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group, the results are 96.9% of the Valium and 100.0% 

of the moderate anesthetic cases are correctly 

reclassified. The variables selected in their order of 

importance are: 17.50 Hz (lh), 12.25 Hz (rh), 7.00 Hz 

(lh), 24.50 Hz (rh), 12.25 Hz (lh), 21.00 Hz (rh) , and 

10.50 Hz (rh). On the last step of the selection 

procedure the 12.25 Hz (rh) originally entered at the 

second step was deleted because the other variables 

selected made its inclusion redundant. 

In the discriminant analyses performed on the 

moderate anesthetic and anesthetic sleep groups, the 

best results were achieved with the spectral density 

estimates. One hundred percent of the cases in each 

group were correctly reclassified with a discriminant 

function based on six variables. In their order of 

importance and selection they were 24.50 Hz (lh), 15.75 

Hz (rh), 15.75 Hz (lh), 12.25 Hz (rh), 1.75 Hz (rh), 

and 14.00 Hz (rh). At the final step 15.75 Hz (rh) was 

deleted because the discrimination power it provided 

decreased when the additional variables were included. 

The use of four original spectral estimates also 

provided a very good separation between the moderate 

anesthetic - anesthetic sleep groups. Of the moderate 

anesthetic cases, 93.8% were correctly reclassified, 

compared to 100% of the anesthetic sleep EEG segments, 
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for an average success rate of 96.9%. The variables 

entering into the analysis, in their order of 

importance, are 7.00 Hz (rh), 24.50 Hz (lh), 24.50 Hz 

(rh), 0 Hz (rh), 12.25 Hz (rh), and 3.50 Hz (rh). After 

the entry of 12.25 Hz (rh) the 7.00 Hz (rh) variable 

was deleted, as was the 0 Hz (rh) variable at the last 

step. These two variables were deleted in the stepwise 

selection process because the information they provided 

did not assist in group discrimination as well as the 

other variables entered. 

The final group of spectral analyses were 

performed on Subject 3. In the three group 

discrimination problem, about 70% of the cases were 

correctly reclassified in the analysis based on the 

spectral density estimates, compared to 94.8% using the 

original spectral values. With the spectral density 

values, 65.6, 93.8, and 53.1% of the respective Valium, 

moderate anesthetic, and anesthetic sleep cases were 

correctly reclassified. Only three variables entered 

the stepwise selection process and all were from the 

right hemisphere. The variables and their order of 

selection and importance were 19.25, 14.00 and 24.50 

Hz. 

Five variables entered the analysis in the three 

group discrimination problem using the original 
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spectral estimates. Their linear combination resulted 

in correct reclassification of 100% of the Valium and 

moderate anesthetic cases and 84.4% of the anesthetic 

sleep EEG segments, for a mean success rate of 94.8%. 

The variables incorporated in the analysis, in their 

order of importance, are 15.75 Hz (lh), 24.50 Hz (rh), 

7.00 Hz (lh), 5.25 Hz (rh), and 21.00 Hz (lh). 

In the two group Valium - moderate anesthesia 

discriminant function analysis both the original 

spectral estimates and the spectral density function 

estimates resulted in 100% correct reclassification of 

the EEG segments from each group. However, only three 

spectral density estimates as opposed to seven original 

spectral values were required. In the first case, and 

in their order of selection, all three variables were 

from the right hemisphere - 3.50, 8.75, and 0 Hz. The 

seven variables required in the second case, in their 

order of importance, were: 15.75 Hz (lh), 24.50 Hz 

(rh), 7.00 Hz (lh), 19.25 Hz (lh), 3.50 Hz (rh), 14.00 

Hz (rh) and 10.50 Hz (lh). At the final step 15.75 Hz 

(lh) was deleted because the other variables entered 

accounted for the group separation that it initially 

performed on the first step. 

Two-group discriminant analyses were also 

performed for the moderate anesthesia - anesthetic 
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sleep EEG segments. The original spectral estimates 

performed slightly better in separating the two groups 

(100% of cases correctly reclassified) than the 

spectral density estimates (98.4% of cases correctly 

classified). In this latter instance 96.9% of the 

moderate anesthesia cases were correctly placed in the 

right group, while 100% of the anesthetic sleep cases 

were correctly reclassified. 

Four of the spectral density frequencies, all 

from the right hemisphere, were selected as 

discriminating variables. In their order of importance 

they are 19.25, 12.25, 24.50, and 15.75 Hz. On the 

final step the 19.25 Hz variable was deleted because 

the variables entered after it provided greater and 

better discrimination power among the two groups. The 

original spectral values selected in the discriminant 

analysis, in their order of importance, are 24.50 Hz 

(rh), 15.75 Hz (lh), 21.00 Hz (lh), and 5.25 Hz (rh). 



CHAPTER 9 

CONCLUSION 

Spectral analysis of the EEG yielded a frequency 

domain representation of the variability present in the 

EEG. Most of the power in the spectra of the subjects 

was found to lie between zero frequency and 25 Hz. 

Visual inspection of the spectral density led to 

several conclusions. The first was that the sample 

size chosen (8000 data points taken at 350 Hz) was a 

valid and repeatable representation of the data as a 

whole. This was determined by plotting three samples 

of data from the same anesthetic depth from one 

subject. The three samples were remarkably similar, 

thereby supporting the conclusion that the samples were 

representative of the entire data set. 

Another result of the spectral analysis was that 

left and right hemispheres of the brain showed nearly 

identical power densities at a given level of 

anesthesia for each subject. 

Remarkably similar power spectra were also found 

between all subjects after administration of Valium. 

However, this was not true after inhalation anesthetic 

(isoflurane) had been administered. This resulted in 

71 
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very different power spectra for each subject. 

Only the EEG of Subject 1 showed a power spectrum 

that coincided with the expected common numerical 

frequency interpretation of brain activity associated 

with various levels of wakefulness. After 

administration of Valium, the EEG of Subject 1 showed a 

high incidence of alpha waves indicative of an awake, 

quiet brain. When inhalation anesthetic was 

administered, alpha waves decreased and delta waves 

increased. Delta waves are normally associated with 

deep sleep and anesthetic sleep. 

Spectral analysis of the EEG of Subjects 2 and 3, 

however, did not coincide with the power spectrum of 

Subject 1 after administration of inhalation 

anesthetic. Also, there was no shift of the power 

spectrum toward dc with increased anesthesia as would 

be expected. Instead, both Subjects 2 and 3 showed 

evidence of theta waves that are rarely seen in adults 

except during extreme emotional stress. The power 

spectrum of Subject 2 during anesthetic sleep showed 

considerable power in the frequency range normally 

associated with an awake, quiet brain state. 

In conclusion, the spectral analysis for the three 

subjects showed widely varying results after 

administration of inhalation anesthetic. It would not 
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be possible to consistently classify samples of EEG 

from unknown anesthetic depths using spectral analysis 

alone. 

Results of discriminant function analyses were 

encouraging, but it is difficult to make broad 

generalizations based on only three subjects. What can 

be said, however, is that the technique provides a 

rigorous, objective, and reproducible method for 

discerning differences and similarities among frequency 

domain representations of EEG data, whether using 

original spectral estimates or spectral density values. 

This type of objectivity is desirable in any type of 

scientific endeavor, in that it puts different 

evaluations on a common ground. 

The ability to generalize from a sample of several 

people to a population of many would require 

considerable time and investment. Differences among 

sexes, ages, type of anesthesia, operation performed 

and a host of other factors would have to be controlled 

within the framework of a valid statistical 

experimental design. On the other hand it may be 

possible to build an increasingly sophisticated body of 

knowledge from each new subject that is analyzed, 

especially if certain patterns tend to occur 

repeatedly. 
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Discriminant function analysis also performs a 

data reduction service. The analyses showed both 

similarities and differences among spectra of EEG data 

obtained at different anesthetic depths. Discriminant 

function analysis eliminates redundant information in 

the EEG from different anesthetic depths. It allows the 

researcher to focus on frequencies, or frequency bands, 

where the maximal differences in the frequency of EEG 

occur. It also provides a procedure for determining to 

which anesthetic depth an unclassified EEG belongs. 

The discriminant function analyses have revealed 

differences in the ability to separate groups of EEG 

according to anesthetic depth. The use of right and 

left hemispheres alone and in combination has been 

investigated, as has the question of whether the 

original spectral estimates or spectral density values 

should be used. In general, information from both 

hemispheres is preferable to that from one hemisphere. 

It is not clear whether the original spectral estimates 

perform better or worse than spectral density values. 

While it is difficult to discriminate equally well 

among the three anesthetic groups, the ability to 

discriminate among two groups is quite good. The 

present analyses have been conducted after-the-fact. 

Such an undertaking, however, seems appropriate to an 
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exploratory stage of research. Considerable time and 

effort was expended in transferring data and changing 

formats to accommodate the multiple computers and 

software utilized. Also, it was difficult to implement 

all of the analytical steps involved into one smooth 

process. The next step would be to do some of the 

analysis in real time using an IBM 8286 based machine 

running at 12 - 16 Megahertz. For example, it should 

be possible to obtain real-time representations of 

power spectra of discrete units of time and determine 

similarities and differences among temporally 

sequential units. It should also be possible to 

determine at what point an EEG differs in a significant 

manner from the group of EEG segments that have already 

been obtained. After it has been determined that 

current EEGs differ from those previously obtained a 

new group could be defined and the process repeated. 

Real-time implementation of such a discrimination 

procedure would eliminate redundant information and 

allow the professional to focus on the manner in which 

the signal is changing, and which frequency bands 

exhibit the most significant changes. 
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