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'De Anemische Klunzige Geleerde is iemand 
die Kennis vergaart omwille van de Kennis 

en alles wat hij leert voor zichzelf 
of zijn eigen kleine groepje houdt, 

die liever gewichtige en pretentieuze verhanqelingen schrijft 
waar verder geen mens iets van begrijpt, 

dan te werken aan iets waar anderen wijzer van worden. 
Hoe klinkt dat?' 

'Een stuk beter,' zei Poeh. 

Benjamin Hoff-Tao van Poeh 



-

Nottorevere one's teacher, 
Not to cherish one's charge, 
Is to be on the wrong road, 

however intelligent one may be. 
This is an essential tenet of the Tao. 
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amnesia 

analgesie 

auditory evoked potential 

autonomie nervous system 

cannulation 

cardioplegia 
cardiopulmonary bypass 

carotid endarterectomy 

central venous pressure 

cerebro vascular accident 

cochlea 

coronary artery bypass grafting 

cranium 

electrocardiogram 

electroencephalogram 

electrolyte 

Glossary 

completelossof memory. 

drug which relieves pain. 

the electrical activity of the brain in response to an 
auditory stimulus. 

the part of the central nervous system that controls 
the involuntary part of the function of the heart 
and other organs. 

insertion of a hollow tube for the introduetion or 
withdrawal of fluid from the body. 

induction of electromechanical cardiac arrest. 

the bypassing of the heart and lungs during open 
heart surgery by a pump oxygenator. 

the surgical remaval of plaques of lipoid material 
from the carotid, the principal artery on each side 
ofthe neck. 

pressure in the right atrium of the heart. 

stroke. 

spiral canal resembling the interior of a snail shell, 
in the anterior part of the bony labyrinth of the 
ear. lt contains the auditory sense organs. 
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Introduetion 

Traditionally, the research on monitoring depth of anesthesia and awareness is 
dominated by anesthesiologists and psychologists. The contribution of ánesthesiolo
gists to the field may be obvious, while the input of psychologists is essential for 
. developing an understanding of psychological processes of cognition in altered states 
of consciousness, such as anesthesia. In recent years, increasingly sophisticated 
techniques have been proposed to measure various aspects of cognitive functioning 
during anesthesia. Engineers have played, and continue to play, an important role in 
the development of these techniques [McEwen et al., 1975; Cluitmans, 1990; Fitzgerald 
et al., 1993; Pomfrett et al., 1993; Sigl and Chamoun, 1994; Watt et al., 1994]. 

An important aspect of developing new techniques for medical applications is the 
communication between engineers and dinicians. lt is essential that the engineer be 
aware of all aspects of a new technique or monitoring device that may be of 
importance in clinical practice. Advice from the clinician in an early stage is desirabie 
to provide the engineer with sufficient information about practical constraints, but 
also about the clinical value of technica} developments. It is the responsibility of the 
engineer to give the clinician a conceptual understanding of the principles underlying 
any new technique. It is, of course, not necessary for a clinician to be familiar with all 
technological aspects of a new technique, but it is crudal that a potential user 
understands both the possibilities and the impossibilities of methods to be used in 
clinical practice. Engineers should avoid raising unrealistic expectations about the 
supposed possibilities of technica! developments, but, on the other hand, further 
development of a new line of research may be hampered by unnecessarily pessimistic 
ideas among clinicians about the applicability of the employed techniques. 

This thesis is concemed with the field of anesthesiology, more specifically, with 
measuring 'depth of anesthesia'. The problem of administering an adequate amount 
of anesthetic agents to a patient has been compared with driving a car in the dark 
without headlights: the driver knows how hard he is pressing his foot on the peda}, 
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but has no accurate feedback about the actual speed of the car [Thomton, 1990]. Simi
larly, the anesthesiologist knows how much anesthetics have been administered to the 
patient, but the actual 'depth of anesthesia' must be derived from indirect measures; 
for example, changes in blood pressure and heart rate, sweating, or skin color. 

Previous work has shown that neurophysiological measurements are potentially 
useful for monitoring adequacy of anesthesia [Schwilden et al., 1989; Cluitmans, 1990; 
Thornton, 1991]. However, no 'gold standard' for validating these measurements 
exists. Instead, a possible monitor for depth of anesthesia can only be validated by 
showing a correlation between the results of the monitor and indirect measures 
indicating adequacy or inadequacy of anesthesia. In addition, a monitor for depth of 
anesthesia should show a correlation with the degree of unconsciousness produced by 
the administered anesthetic agents, but here again we face the problem of absence of a 
reliable indication of consciousness or unconsciousness. Therefore, some of the 
experiments ( described in Chapter 10) were carried out in close cooperation with a 
psychologist, who studied cognitive and memory processes during anesthesia to 
provide a reference for consciousness. This was done in the same patients in whom 
the previously mentioned neurophysiological measurements were investigated. 

Apart from the methodological difficulties of validating a possible monitor for depth 
of anesthesia, there are also technica} limitations to the routine use of neuro
physiological monitoring techniques in the operating room. This is mainly caused by 
the fact that neurophysiological signals are in general very small, and are therefore 
easily corrupted by artifacts. Therefore, part of the work described in this thesis .was 
concerned with the quality of the obtained signals. 

1.1 Outline of the thesis 

The data presented in this thesis were collected during two clinical experiments. 
Twelve patients were enrolled in the first (pilot) study. The purpose of this pilot 
study was to investigate the feasibility of the proposed recording and analysis 
techniques. Based on our experiences in that study, some minor changes were made 
to the protocol to be applied in the second (main) study, in which forty-one patients 
participated. 

In Chapter 2 it is explained why monitoringdepthof anesthesia is nota trivial task. A 
short review of the literature on earlier attempts to derive a monitor for anesthetic 
depth is presented. From this review, we arrive at midlatency auditory evoked 
potentials (MLAEP's) and the spontaneous electroencephalogram (EEG) as .;;uitable 
candidates to be included in a monitor for anesthetic depth. Long latency auditory 
evoked potentials (LLAEP's) are introducedas a technique for monitoring cognitive 
processing during anesthesia. This type of AEP may be used as a possible reference 
for 'depth of anesthesia'. The methodology of the experiments described in this thesis 
is also presented. 

Chapter 3 presents some basic principles in recording and processing the EEG, 
MLAEP's and LLAEP's. A technique for using LLAEP's to assess implicit memory for 
intraoperative events is briefly discussed. Also described in this chapter is the setup 

2 



Introduetion 

of the equipment used for carrying out the experiments presented in Chapters 7 to 11 
of this thesis. 

Chapter 4 presents the motivation for choosing the particular patient population that 
was stuclied in the present experiments, together with criteria for selecting patients to 
be included in the study. The employed anesthetic technique is presented, and some 
background on pharmacokinetic and pharmacodynamic modeling is discussed. This 
type of modeling was used to develop the particular anesthetic regimen used in the 
experiments. Chapter 4 also contains a brief description of the methods used for 
determining plasma concentrations of the administered anesthetic agents. Chapter 5 
describes the system that was developed for acquisition of anesthesia-related data. 
This type of data can be partly obtained from the anesthesia monitor, by using a 
special hardware interface between this monitor and a personal computer. Other 
relevant, anesthesia-related data consist of information that has to be recorded 
manually. The approach that was used to facilitate recording of that type of 
information is also described. 

Chapter 6 describes the statistkal techniques that were used for' analysis of the data 
gathered in the present experiments. Techniques for studying differences between 
groups of observations, calculation of correlation coefficients, discriminant analysis 
and prindpal factor analysis are presented. 

In processing the MLAEP's recorded in the present experiments, a technique 
proposed by Cluitrnans et aL [1993] was used for detection of artifacts. Chapter 7 
describes the clinical evaluation of the performance of this technique. The data for this 
evaluation were obtained from the first 10 patients in the main study. ' 

Chapter 8 describes the correlation of MLAEP and EEG measures with plasma 
concentrations of the administered anesthetics for data from the pilot and main 
studies. 

The study presented in Chapter 9 describes the effects of first incision and of 
stemotomy on the MLAEP and spontaneous EEG. lt was investigated whether 
MLAEP and EEG measures were different for patients responding or not responding 
to incision or stemotomy. An attempt was made to use these measures for prediction 
of a hemadynamie response to incision or stemotomy in individual patients. 

The study described in Chapter 10 tested the hypothesis that MLAEP's can predict the 
occurrence of LLAEP's during anesthesia. The assumption underlying this study is 
that the occurrence of LLAEP's is an indication of perceptual processing. 

Chapter 11 describes the application of principal factor analysis to the MLAEP and 
EEG data collected in the pilot and main study. The purpose of this principal factor 
analysis was to construct easily interpretable, composite variables from single 
MLAEP and EEG measures, with the aim of using these composite variables for 
monitoring depth of anesthesia. The factors resulting from the PF A were validated 
using the sameclinical signs as described in Chapters 8 to 10. 

Finally, Chapter 12 discusses the findings presented in this thesis. Condusions are 
drawn, and implications for further work are discussed. 
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Monitoring depth of anesthesia 

2.1 Historica! developments in anesthesia 

2.1.1 The introduetion of anesthetic drugs 

In 1799 Sir Humphrey Davy discovered the anesthetic properties of nitrous oxide, but 
the implications of his findings for surgery were ignored. By the early 1840's, young 
dentists and doctors experimented independently with ether and nitrous oxide for 
tooth extractions and minor operations. Until then, ether and nitrous oxide had been 
used only for entertainment purposes. In 1845 Horace Wells, a United States dentist, 
performed a public demonstration of the use of nitrous oxide for dental extractions. 

· Unfortunately, the demonstration was rather unsuccessful. 

It is not clear who gets the credit for the first true surgical anesthesia. Crawford Long, 
a United States surgeon, had used ether in his practice since 1842, but he did not 
make this public until 1849. However, WilHam Morton, a United States dentist, was 
the first to convince the medical world that general anesthesia was a practical 
proposition. In October 1846, he administered diethyl-ether to a patient at 
Massachusetts General Hospital, Boston, for the removal of a neck tumor. A few 
weeks after Morton's demonstration a leg amputation was performed at University 
College Hospital in London by Robert Liston, using ether as anesthetic. In Britain, 
official royal sanction was put on anesthetics by Queen Victoria, who accepted 
chloroform from her physician John Snow when giving birth to her eighth child, 
Prince Leopold, in 1853 [Encyclopredia Britannica, 1989]. 

At the start of the 20th century, chloroform was overwhelmingly more popular than 
ether because of its ease of administration, despite the danger of cardiac arrest. This 
popularity decreased gradually, and by the end of the first decade, nitrous oxide 
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combined with oxygen and ether had displaced the use of chloroform. The first 
impravement on this combination was the introduetion of cyclopropane by Ralph 
Waters in 1933. Soon afterwards, John Lundy introduced the first intravenous 
anesthetic, pentothal (thiopental sodium). In 1942, Harold Griffith and G. Enid 
Johnson produced muscular paralysis by injecting a purified preparation of curare. 
Muscular paralysis was only practical because, by then, it had become possible for the 
anesthetist to control the patient's respiration artificially [Richardson, 1989]. 

2.1.2 The development of monitoring anesthetic effects 

John Snow [1847] was the first to assess and document the effects of ether as an 
anesthetic in termsof amnesia, analgesia and changes in muscular activity. He was 
also the first to discuss the possibility of memory and awareness during the anesthetic 
procedure. Snow defined five stages of ether anesthesia, and he documented for how 
long a certain concentration had to be given to reach a particular stage of anesthesia 
and conversely, for how long the anesthetic had to be switched off for the patient to 
move back to the previous stage. 

Guedel [1937] refined Snow's assessments by defining four stages of ether anesthesia, 
with the third stage subdivided into four planes. The first stage represents the 
beginning of induction to loss of consciousness. In the second stage, also called 
delirium, the patient is unconscious but restless, and may show uncontrolled 
movements. This stage is usually passed quickly to the third or surgical stage. In this 
stage Guedel made a subdivision into four planes. For each of these planes Guedel 
indicated what type of surgery could be performed. The fourth stage, also called toxic 
stage, begins with respiratory paralysis and ends with cardiac failure and death. 

The clinical signs used by Guedel for defining his stages of ether anesthesia are based 
on characteristics of respiration, pupil size, presence or absence of the eyelid' reflex, 
and other clinical signs, such as swallowing and vomiting reflexes. Changes in these 
charaderistics were depicted in a graphical chart for several types of premedication. 
With this scheme, the anesthetist could determine the depth of ether anesthesia based 
on clinical signs. Adaptations to Guedel's scheme were made by Artusio [1955], who 
subdivided the first stage into three planes, based upon differences in analgesia and 
amnesia. 

The introduetion of muscle relaxants in 1942 was of great value in anesthetic practice, 
because abdominal surgery, which at one time would have required profound deep 
anesthesia, could now be carried out at a much lighter level. However, this also meant 
the end of the applicability of Guedel's scheme, since most of Guedel's signs involved 
skeletal muscle activity. The remaining signs, pupil size and tear production, are, in 
isolation, of limited value. 

In an attempt to quantify the effect of inhalational anesthetic agents, the concept of 
minimum alveolar concentration (MAC) was introduced by Merkeland Eger [1963]. 
MAC is the alveolar concentration that prevents movement in response to incision in 
50% of patients. MAC has been determined for all inhalational agents. Direct 

'The eyelid reflex is tested by gently raising the upper eyelid with the finger. If the reflex is present, 
the lid will attempt to close at once or within a few seconds. 
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measurement of the end-tidal concentration thus provides a rough guide to the 
adequacy of anesthesia. The introduetion of intravenous agents for general anesthesia 
further complicated the assessment of anesthetic effects. With inhalational agents 
reasonable estimates of brain concentration can be obtained by an anesthesiologist 
experienced in precisely cantrolling the inspired gas concentration and by monitoring 
end-tidal concentration. However, the large individual variation in distribution and 
elimination of intravenous agents prevents a reliable estimate to be obtained from the 
infusion ra te. 

2.1.3 Awareness anesthesia 

Since, by definition, general anesthesia is a state of unconsciousness, awareness 
during anesthesia appears to be a contradiction. Nevertheless, several cáse reports 
have been published descrihing unnoticed awareness [Editorial British Joumal of 
Anaesthesia, 1979; Mummaneniet al., 1980; Hilgenberg, 1981; Mark and Greenberg, 
1983; Tracy, 1993]. The American gynecologist Cheek reported already in 1959 about 
patients who postoperatively showed signs of depression without an obvious cause 
[Cheek, 1959]. During postoperative hypnosis, some of these patients were able to 
repeat negative statements that had been made about them by the surgical team 
during anesthesia. In a now famous experiment by Levinson [1965] a mock crisis was 
staged during ether-oxygen anesthesia. During this crisis, the anesthesiologist stated 
that the operation had to stop and that the patient needed more oxygen, because his 
lips were turning blue. In a postoperative hypnosis session, four of the ten patients in 
the study recalled verbatim the remarks made by the anesthesiologist during the 
crisis. 

Awareness during anesthesia with explicit reeall is reported to occur in about 1% of 
patients undergoing general surgery [Wilson et al., 1975; Thomas and Runciman, 
1988; Liu et al., 1991]. Some types of surgery pose an increased risk for awareness; 
namely, Cesarean section, cardiac surgery and surgery on trauma patients. In trauma 
patients anesthetic dosages are generally kept low, because the physiological 
condition of these patients puts them at an increased risk During Cesarean section, 
anesthesia is deliberately kept light to prevent damage to the unbom baby. The 
reports on awareness with reeall in cardiac surgery range from 1% [Phillips et al., 
1993] to 9% [Kim, 1978], and even numbers as high as 23% are reported when 
hypnosis is used to interview patients postoperatively [Goldmann et al., 1987]. This 
increased risk for awareness is partly caused by the intense surgical stimulus of 
stemotomy and sterna! spread, partly by the tendency to keep anesthetic 
concentrations as low as possible because cardiac patients are generally at risk for 
myocardial depression [Russell, 1991]. A retrospective study by Moerman et al. [1993] 
showed that many patients reporting awareness meet disbelief from the hospital staff, 
which raises the suspicion that the occurrence of intraoperative awareness is generally 
underreported. In cardiac surgery, there is the additional consideration that most 
patients do not wish to complain about any negative experiences they may have had 
duringa life-saving operation. 

Besides the type of operation there are other factors that may influence the occurrence 
of awareness. Some anesthetic techniques, such as high-dose opioid anesthesia with 
oxygen-nitrous oxide, are associated with a higher incidence of awareness 
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[Mummaneni et al., 1980; Hîlgenberg, 1981; Mark and Greenberg, 1983; Cogliolo et 
al., 1990a]. The use of ultra-short acting intravenous agents for induction of anesthesia 
may lead to awareness when insufficient agents for maintenance of anesthesia are 
administered, or when difficult intubation delays the administration of inhalational 
agents for maintenance [Waters, 1968; Cogliolo et al., 1990a]. Other factors influencing 
the occurrence of awareness are extreme preoperative anxiety and individual 
varlation in apatient's reaction to anesthetic drugs [Cogliolo et al., 1990a]. 

The psychological consequences of awareness during anesthesia can be enormous. A 
patient who experienced awareness and pain during a hernia repair reported that she 
suffered from frequent and recurring nightmares, had great difficulty in 
remembering things, and in general was unable to participate in daily-life activities 
[Tracy, 1993]. Even without conscious recall, intraoperative awareness may have a 
large psychological impact, resulting in unexplained depressions or prolonged 
hospital stay [Cheek, 1959; Bonke, 1990]. This observation raised the proposition that 
intraoperative presentation of suggestions for a quick recovery could perhaps be 
beneficia! to the patient [Bonke et al., 1986; Bennett, 1987; Goldmann, 1987; Ghoneim 
et al., 1989; Evans and Richardson, 1990; Furlong, 1990; McLintock et al., 1990; Block 
et al., 1991a; Jelicic et al., 1993b]. The results of the studies on this subject are, 
however, inconsistent: some studies yielded positive results, while in other studies no 
effect of intraoperative suggestions was found [Ghoneim and Block, 1992]. A possible 
explanation for this inconsistency is the large variety of dependent variables and the 
variety of measures (both objective and subjective) that can be used to describe 
patient outcome. 

Because patients have no explicit recollection of ha ving been a ware during anesthesia, 
but nevertheless may show changes in behavior, triggered by intraoperative events or 
remarks, this type of memory is called impHeit memory. The general approach in 
most studies on impHeit memory in anesthesia is to present a number of patients with 
words or sentences during anesthesia. Implicit memory for the presented words or 
sentences is assessed postoperatively for this group of patients. For example, when 
patients are presented with the words 'apple' and 'pear' during anesthesia, then 
impHeit memory for these words is tested by postoperatively asking patients to 
mention the fitst example in the category 'fruit' that comes to mind. When patients 
mention 'apple' or 'pear' more frequently in response to this question than patients in 
a control group who were not presented with these words intraoperatively, then 
impHeit memory is demonstrated for the experimental group of patients. Implicit 
memory of information presented during anesthesia was investigated by several 
groups [Roorda-Hrdlicková et al., 1990; Standen et al., 1990; Blocket al., 1991b; Cork 
et al., 1992; Jelicic, 1992; Bonebakker et al., 1993; Jelicic et al., 1993a; Bonebakker, 
1995]. As was already mentioned above for the studies on the effect of intraoperative 
suggestions, the results from studies on impHeit memory are inconsistent. Possible 
causes for these inconsistencies are the type of anesthesia, the number of times that 
stimuli are presented intraoperatively, the salienee of the stimuli to the patient, and 
the lengthof time after surgery that impHeit memory is assessed. 

Although a controversy remains on the true incidence of awareness during general 
anesthesia, with or without conscious recall, clearly the occurrence of awareness can 
be very detrimentalto the patient. The possible occurrence of awareness combined 
with the apparent inability of experienced anesthesiologists to detect intraoperative 
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awareness based on clinical signs as recorded in the anesthetic record [Moerman et 
al., 1993], indicates that there is an obvious need for an objective monitor of anesthetic 
depth. 

2.2 Monitoring depth of anesthesia 

General anesthesia is in facta highly complex combination of depression of several 
functions of the central nervous system (CNS). Necessary components of general 
anesthesia are: 

• analgesia 
• musde relaxation 
• suppression of autonomous reflexes 
• unconsciousness 

Adequate depth of anesthesia can thus he described as a sufficient level of depression 
of the CNS to prevent short- or long-term physical and psychological damage to the 
patient and to create suitable conditions for the surgeon to perform the operation. 
With modem, balanced anesthetic techniques, it is possible to control each of the 
above-mentioned components of anesthesia more or less independently. Although 
most drugs still have some side-effects (for example, most analgesics also have a 
slight sedàtive effect), it has become very difficult for the anesthesiologist to evaluate 
the anesthetic state of the patient based on indirect measures. Especially the degree of 
unconsciousness is difficult to assess. The only component of anesthesia that can he 
measured objectively is muscle relaxation. This is done by stimulating a motor nerve 
and measuring the degree of musde contraction produced by this stimulation. 

A suitable monitor for anesthetic depth should fulfill several requirements before it 
can he accepted and used in clinical practice [Cluitmans, 1990; Thomton, 1990]: 

• Reproducibility and ease of interpretation. Of course a practical monitor for anesthetic 
depth should produce simHar results in simHar conditions. Related to reproduci
bility is ease of interpretation: when the results of an anesthetic depth monitor are 
open for multiple interpretations, its practical use will he limited. 

• Graded changes with anesthesia. Not only should a monitor for anesthetic depth 
indicate whether the patient is awake or not, but it should also produce graded 
changes with changes in amount of administered anesthetics. 

• Speed. The anesthetic state of a patient may change significantly over a period of a 
minute or less. To he clinically useful, an anesthetic depth monitor should he able 
to follow such fast changes. 

• Independenee from type of anesthetic drugs used. A possible monitor for depth of 
anesthesia should he independent of the particular drug or combination of drugs 
used to he generally applicable. In addition, the results should not he affected by 
muscle relaxants. 

• Sensitivity to surgical manipulation. Because anesthesia must provide a balance 
between the sedative effect of the administered anesthetic drugs and the arousing 

8 



Monitoringdepthof anesthesia 

effect of surgical stimulation, a monitor for anesthetic depth should reflect 
surgical arousal. 

• Ease of use. A monitor that is difficult to use, or requires special skills, will not be 
easily accepted by eperating room staff. Also, since the space available in the 
eperating room is generally limited, an anesthetic depth monitor should be 
compact in size, especially when this equipment is to be positioned near the 
patient. 

In practice, not all requirements will be equally met, and not all requirements will be 
equally important. However, requirements such as presented above provide an 
objective way of assessing the value of various proposed techniques. In the following 
sections, several techniques that have been proposed for monitoring depth of 
anesthesia are briefly reviewed. Basedon this review, inSection 2.2.8 we will discuss 
which of these techniques were chosen for use in the present study. Because 
anesthesia is in fact a depression of the functioning of the CNS, measurements 
obtained from the CNS are the ones most likely to be related to depth of anesthesia. 
All techniques mentioned below measure some aspect of CNS functioning. 

2.2.1 Extensions to Guedel's scheme 

Most clinical signs, such as those mentioned in Guedel's scheme, are qualitative 
measurements. The few quantitative measurements that are available often show 
large interindividual variability. In an attempt to quantify and normalize clinical 
signs related to depthof anesthesia, Evans [1987] proposed the so-called PRST score. 
This score is a summatien of scores for systolic blood Pressure, heart Rate, Sweating, 
and Tear production. Several studies have shown a large variability in PRST scores 
between patients [Russell, 1990; Cogliolo et al., 1990b]. 

In an attempt to quantify the amount of sweating, which may possibly be related to 
psychological stress, skin conductance measurements have been proposed [Goddard, 
1982]. The rationale for such measurements is that the electrical conductance of the 
skin will increase with increased sweating and vice versa. The application of this 
technique has been limited, and only recently has it received renewed interest [Wang 
and Russell, 1995]. 

2.2.2 The irontal electromyogram (EMG) 

The electrical activity resulting from contraction of the frontalis musde can be 
measured using surface electrodes. Although the administration of muscle relaxants 
abolishes most musde activity, activity from the frontalis muscle is partly preserved. 
According to several studies, this EMG seems related to psychological stress in the 
patient [Bennett, 1990, 1992; Couture et al., 1990; Edmonds et aL, 1987; Herregods and 
Rally, 1987; Herregods et al., 1990; Lang et al., 1994a]. However, large differences 
between patients may occur. A modification of conventional EMG recording as 
proposed by Bennett [1992, 1993] is the recording of electrical activity of several facial 
musdes to detect grimacing patterns. 
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2.2.3 The lsolated Forearm Technique (IFT) 

The Isolated Forearm Technique (IFT) was proposed by Tunstall [1977] to monitor 
responsiveness of the patient. An inflatable cuff on one arm of the patient is used to 
prevent muscle relaxants from reaching the circulation in this arm. During anesthesia, 
the patient is repeatedly asked to squeeze the experimenter's hand. A response to this 
command clearly indicates inadequate suppression of consciousness. A practicallimi
tation of this technique is that it can only be used for a short time. Longer use could 
result in the isolated arro's becoming ischemie, which could result in permanent 
damage. Another problem is that it is often difficult to distinguish purposeful arm 
movements in response to commands from reflex movements. The IFT was used by 
Russell [1986] to show that responsiveness to commands may persist in a large 
number of patients undergoing general anesthesia. 

2.2.4 Lower oesophageal contractility (LOC) 

The musdes in the lower part of the esophagus (British: oesophagus) are smooth 
muscles, and are thus not affected by muscle relaxants. The contractions of these 
musdes can have three types of origin. The primary contractions are the peristaltic 
contractions associated with swallowing. The second type of contractions are called 
provoked contractions, which result from stimulating the esophagus. These are 
supposed to have a local origin. The third type of contractions are assumed to 
originate in the ANS and are called spontaneous contractions. Lower esophageal 
contractions can be measured by means of an inflatable balloon with a pressure 
transducer, inserted into the esophagus. Previous studies have shown that there is 
some correlation between LOC and psychological stress, and between LOC and 
anesthetic dosage [Aitkenhead et al., 1987; Evans et al., 1987], although in some 
instances LOC was absent when clinical signs clearly indicated stress in the patient 
[Cox and White, 1986]. 

2.2.5 Heart rate varlability 

Variations in heart rate may result from the cantrolling actionsof the ANS in response 
to changes in the patient's environment. There will stillbesome variability present in 
heart rate under stabie conditions, caused by differences in pressure in the chest 
between inspiration and expiration. Because general anesthesia depresses the 
functioning of the ANS, this variability in heart rate decreases during general 
anesthesia, as was shown in several studies [Bando et al., 1993; Komatsu et al., 1993; 
Maslana et al., 1993; Pomfrett et al., 1993]. 

2.2.6 The electroencephalogram (EEG) 

The EEG is a recording of the electrical activity of the brain, as measured at the scalp. 
Numerous studies have been done to evaluate its usefulness for monitoring depth of 
anesthesia, using various techniques for analysis. The influence of various anesthetic 
drugs on the EEG was recognized in 1937 by Gibbs et al. [1937]. To facilitate 
interpretation of the raw EEG, several features derived from the raw EEG have been 
proposed as a possible monitor for anesthetic depth. 
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Time~domain analysis 

Herregods and colleagues [Herregods and Rally, 1987; Herregods et al., 1990] showed 
an inverse relationship between zero-crossing frequency of the spontaneous EEG and 
anesthetic concentrations, but they found no significant correlation with awakening 
during recovery. Couture and colleagues [Couture et al., 1990] also found a relation 
between zero-crossing frequency and responsiveness, but they concluded that its 
large variability made the zero-crossing frequency unsuitable as a measure for 
responsiveness. 

Speetral analysis 

Attempts to use the EEG spectrum for control of anesthesia were reported as early as 
1950 [Bickford, 1950, 195l]. However, from these and later studies [Findeiss et al., 
1969; Bart et al., 1971; Smith et al., 1979; Levy, 1986] it appeared that each drug has its 
own charaderistic effect on the EEG. Although attempts have been made to present 
the information in the EEG spectrum in a more comprehensive way [Prior et al., 1971; 
Bickford et al., 1972; Levy et al., 1980; Sebel et al., 1983], the variability between 
different anesthetic agents proved to be a major limitation of techniques using the 
EEG spectrum. Therefore, later studies focused on studying single features derived 
from the EEG spectrum instead of studying the EEG spectrum as a whole. 

• Characteristic frequencies. The speetral edge frequency (SEF), introduced by 
Rampil et al. [1980], is defined as the frequency in the EEG spectrum above 
which no significant amount of power (3-5% of the total power) is present. 
The median power frequency (MPF) is defined as the frequency above or 
below which 50% of the total power is present. The peak power frequency 
(PPF) is the frequency at which the largest amount of power is present in the 
spectrum. 

The first application of theSEFin dogs [Rampil et al., 1980] showed that the 
SEF followed changes in inspired concentrabons of halothane or enflurane. 
Other studies showed that charaderistic frequencies change significantly at 
the transition from anesthesia to recovery [Schwilden et al., 1987; Stoeckel and 
Schwilden, 1987; Shah et al., 1990], but during anesthesia inconsistent changes 
with large variability may occur [Withington et al., 1986; Hameroff et al., 
1988; Thomsen et al., 1991; De Beer et al., 1992]. Although Rampil and Mattea 
[1987] showed a correlation between the speetral edge frequency and 
occurrence of a hemadynamie response to intubation, in the most recent work 
by the same group speetral features of the EEG did not predict the presence or 
absence of movement in response to incision [Rampil and Laster, 1992; Dwyer 
et al., 1994]. 

• Frequency bands. Several studies have been performed to investigate the effect 
of anesthesia on the distribution of the EEG spectrum across the various 
frequency ranges [Sebel et al., 1981; Bovill et al., 1982b; Amaki et al., 1990; 
Shah et al., 1990; Van der Ende et al., 1990; Traast and Kalkman, 1995]. From 
the results of these studies it appeared, again, that different drugs may 
produce totally different changes in the EEG. 

Charaderistic frequencies and power in the various frequency ranges of the 
EEG were combined insome studies [McEwen et al., 1975; Berezowskyj et al., 
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1976; Dutton et al., 1987]. Although a linear combination of EEG features 
seemed to provide a better correlation with anesthetic dosage, the variability 
in the result was still too large to be of practical use. More recently, it was 
shown that analysis of the total EEG spectrum or a combination of EEG 
features using neural networks may give slightly better results than using a 
linear combination of EEG features [Veselis et al., 1993; Watt et al., 1993]. 

• Bispeetral analysis. Bispeetral analysis of the EEG is an extension of speetral 
analysis. Besides the power of the various frequencies present in the signal, it 
is also determined whether quadratic nonlinearities exist in the EEG. When 
two components of frequencies X and Y are present in the EEG, then presence 
of quadratic nonlinearities will result in the power of frequencies X-Y and 
X+ Y being dependent on the power of the component frequencies X and Y 
[Sigl and Chamoun, 1994]. Several studies, partly initiated by Aspect Medical, 
the company that developed the bispeetral index (a univariate descriptor 
derived from the bispectrum), were performed to evaluate this bispeetral 
index as a possible monitor for depthof anesthesia [Billard et al., 1993, 1994; 
Bowles et al., 1993; Hollingsworth and Rampil, 1993; Kearse et al., 1991, 1994; 
Lang et al., 1994a; Liu et al., 1993; Sebel et al., 1993; Vernon et al., 1992]. These 
studies showed that the bispeetral index correlates strongly with the 
traditional EEG characteristic frequencies. In studies where it was attempted 
to predict movement in response to incision, the bispeetral index performed 
slightly better in predicting movement, but slightly worse in predicting 
absence of movement, when compared to speetral edge frequency, median 
frequency, or other EEG speetral features. In studies where astrong analgesie 
drug was administered, neither the bispeetral index or traditional EEG 
descriptors were able to predict movement in response to incision [Lang et al., 
1994b]. 

Autoregressive modeZing 

In autoregressive (AR) modeling of a signal, the next value of the signal is predicted 
from a linear combination of a number of earlier values. The coefficients used in this 
linear combination are called AR-coefficients. Using these coefficients, an estimation 
of the spectrum of the signal may be obtained. Thomsen et al. [1987, 19891 1991] 
showed that changes in AR coefficients of the EEG were correlated with changes in 
the level of anesthesia, as well as with the median and speetral edge frequency of the 
EEG. 

Chaos analysis 

In chaos analysis, it is attempted to describe the amount of predictability of the EEG. 
Studies by Watt et al. [1989, 1994] and Fitzgerald et al. [1993] showed that the EEG 
consists of a random noise component and a chaotic component. Further 
quantification of this chaotic component showed that the amount of chaos in the EEG 
was correlated with the inspired concentration of isoflurane and sevoflurane. 

2.2. 7 Evoked Potantials 

Evoked potentials reflect the electrical activity elicited in the brain by the transmission 
and processing of a sensory stimulus. Because this electrical activity is relatively small 
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in comparison to the simultaneously recorded background EEG, evoked potentials 
are commonly measured by applying a large number of stimuli, and extracting the 
average response to a single stimulus from the background EEG. An evoked potential 
consists of a series of waves that are characterized by their latency (the time of 
occurrence after presentation of the stimulus) and amplitude. Waves occurring within 
10 msec after stimulus presentation are generated in the brainstem. Waves occurring 
between 10 and 100 rnsec after stimulus presentation are called middle latency or 
midlatency components. Components occurring later than 100 msec after stimulus 
presentation are called long latency components. Depending on the modality of the 
sensory stimulus, evoked potentials are categorized as visual evoked potentials 
(VEP), somatosensory evoked potentials (SSEP) or auditory evoked potentials (AEP). 
A more detailed description of evoked potential characteristics is presented in 
Chapter3. 

Studies on the effect of anesthesia on evoked potentials have focused on the AEP. A 
disadvantage of the VEP is that visual stimulus presentation is cumhersome during 
anesthesia. The SSEP has the disadvantage that it requires access to an extremity. 

According toMendeland Hosick [1975], the effect of anesthetic drugs on the AEP was 
recognized in 1971 [Allison et al., 1971]. Since then, numerous studies have been done 
to investigate the effect of various anesthetics on the AEP. It was shown that volatile 
anesthetics, such as halothane, enflurane and isoflurane, produce dose-related 
changes in both brainstem and middle latency componentsof the AEP. These changes 
consist of an increase in latency of both brainstem and middle latency components, 
and a decrease in amplitude of the middle latency components [James et al., 1982; 
Thomton et al., 1983, 1984; Heneghan et al., 1987; Cluitmans, 1990; Madler et al., 
1991]. Intravenous anesthetic drugs such as secobarbital, althesin, etomidate and 
propofol also produce a dose-related increase in latency and decreasein amplitude of 
the AEP middle latency components (MLAEP}, but brainstem components are largely 
unaffected by these drugs [Mende! and Hosick, 1975; Thomton et al., 1985, 1986; 
Chassard et al., 1989; Cluitmans, 1990; Schwender et al., 1991]. Opioid anesthetics 
(fentanyl, alfentanil and morphine), like the previously mentioned intravenous 
anesthetics, do not affect brainstem components. Although opioids also produce an 
increase in latendes of the AEP middle latency components, this change appears not 
to be dose-related, and, in contrast to the previously mentioned intravenous anes
thetics, opioids seem not to affect the amplitude of AEP middle latency components 
[Schwender et al., 1993d]. This is consistent with the observation that opioids are 
known to possess mainly analgesie properties, but do not produce hypnosis, as 
indicated by the high incidence of awareness assodated with opioid anesthesia 
[Mummaneni et al., 1980; Hilgenberg, 1981; Mark and Greenberg, 1983]. No changes 
in middle latency components of the AEP were observed with induction doses of 
ketamine [Bobbin et aL, 1979; Pacelli et al., 1983; Schwender et al., 1993b]. Ketamine is 
known to he associated with a high incidence of dreaming and hallucinations, which 
suggests that preservation of midlatency AEP components with this type of anesthesia 
is not in contradiction with the hypothesis that these components may be used to 
monitor adequacy of anesthesia. 

In recent studies, it was shown that the occurrence of decreased latendes and 
increased amplitudes in the MLAEP are associated with a high incidence of 
movement, or increases in heart rate and blood pressure in response to surgical 
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stimulation [Thornton et al., 1989a; Schwender et al., 1993a, 1993c, 1994a]. Surgical 
stimulation in itself may reverse the depressant effect of anesthesia on the amplitudes 
of the MLAEP [Thornton et al., 1988]. Features derived from the MLAEP were also 
used as a control variabie for closed loop control of anesthesia [Kenny et al., 1992, 
1993], but it remains unclear what features of the MLAEP were used in these studies. 

2.2.8 Preferred techniques for monitoring depth of anesthesia 

Of all the techniques mentioned in the previous sections, the Isolated Forearm 
Technique (IFT) seems dosest to assessing consciousness. This technique measures the 
ability of a patient to respond to verbal commands during general anesthesia. When a 
patient does not respond, this may be because the cammand to respond did not reach 
consdousness. However, it is also possible that the patient did not want to respond, 
or wanted to respond but was unable to do so. On the other hand, it may be difficult 
to distinguish general movements from a purposeful response to command, because 
the assessment of presence or absence of a response to cammand is a subjective deci
sion. Nevertheless, movement during anesthesia in itself probably indicates discom
fort, which must he tosome extent related to awareness. However, a major disadvan
tage of the IFT is that it can only he used for a short time, to prevent ischemia in the 
isolated arm. This limits its routine use during surgery for an extended period of 
time. 

Although all above-mentioned techniques measure some aspect of CNS or ANS 
functioning, they differ in what aspect of CNS functioning they measure. Skin 
conductance mea,surements, frontal EMG, lower esophageal contractility and heart 
rate variability all measure output of the ANS, but the disadvantage of these 
measurements is that this ANS output is not related to any input. Therefore, there is 
no way to assess whether the variations in the obtained measurements are caused by 
cantrolling actionsof the ANS in response tosmallor to large changes in the patient's 
environment. One exception to this is the degree of heart rate variability related to 
respiration patterns [Pomfrett et al., 1993]. However, using heart rate variability as a 
monitor for depth of anesthesia is not possible during the period of cardiopulmonary 
bypass in cardiac surgery, when blood oxygenation and circulation are maintained 
artificially, while this period is known to pose an increased risk for awareness 
[Russell, 1991]. 

The AEP has the advantage that it measures the output of the CNS to a controlled 
input. The MLAEP has been shown to be correlated with levels of administered 
anesthetic agents, as was summarized above. In addition, the MLAEP appears to he 
sensitive to surgical stimulation. Therefore, the MLAEP was selected as a possibly 
suitable tooi in our experiments. Although the results on using the EEG as a possible 
monitor for depth of anesthesia are contradictory, we also included the EEG in our 
measurements, partly because the raw EEG is necessarily obtained for recording the 
MLAEP, and partly because speetral analysis of the EEG seems to he useful at the 
transition from anesthesia to recovery. A disadvantage of the AEP is that it is more 
difficult to obtain than the EEG. Not only does the AEP require a longer acquisition 
time than the EEG, it is also more sensitive to electrical interference than the 
spontaneous EEG. However, the AEP has a methodological advantage over the EEG, 
because the AEP reflects CNS activity in response to a controlled stimulus, while the 
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spontaneous EEG seems to reflect general activity of the CNS. Also, the MLAEP has 
been reported to show similar types of changes with different anesthetics. Differences 
in sensitivity of the MLAEP to different types of anesthetic drugs may be explained 
by differences in the amount of hypnosis produced [Thornton et al., 1989)J]. 

A disadvantage of the MLAEP mentioned in the literature is its relatively long 
acquisition time, in the order of several minutes, necessary to obtain a sufficient 
signal-to-noise ratio in the averaging process [Cluitmans, 1990; Munglani et al., 1993]. 
An approach that has been proposed to reduce this long acquisition time is the so
called 40 Hz auditory steady state response (ASSR). This response is elicited similarly 
to the ordinary MLAEP, but the rate at which the auditory stimuli are applied is 
much higher than in ordinary MLAEP recording. This much higher stimulation rate 
(40 Hz) causes the various middle latency waves present in the AEP to overlap, 
thereby enhancing each other's amplitudes. Because of this resonating effect, the 
ASSR requires a far lesser number of averages to produce an acceptable waveform. A 
major disadvantage of this technique is that during anesthesia the middle latency 
components of the AEP will become slower, resulting in an absence of the resonance 
effect. Therefore, the ASSR is difficult to record during anesthesia. An alternative way 
of recording the ASSR is therefore to search for the stimulation frequency at which the 
resonating effect is at its maximum, the so-called coherent frequency [Munglani et al., 
1993]. However, the reduced acquisition time associated with the ASSR is lost with 
this approach. In addition, part of the information present in the ordinary AEP (both 
latency and amplitude of the various peaks) is lost when only resonating frequency of 
the ASSR is measured. Therefore, in the present experiments we focused on the 
ordinary AEP. 

We chose to use charaderistic frequencies and power in the various frequency bands 
for analysis of the EEG. Although more sophisticated techniques for EEG analysis 
exist, the results of studies on these techniques as summarized above did not lead us 
to expect fundamental differences in performance by such techniques. In addition, it 
is undear whether there are physiological reasans to prefer such techniques over 
straightforward speetral analysis of the EEG. For example, bispeetral analysis 
assumes that quadratic nonlinearities are present in the EEG. Although the results of 
the studies on bispeetral analysis of the EEG seem to indicate that some amount of 
quadratic nonlinearity is indeed present in the EEG [Sigl and Chamoun, 1994], it is 
unclear whether this is the best description of EEG nonlinearity. This is, however, 
beyond the scope of this thesis. 

2.3 Validating a monitor for anesthetic depth 

The purpose of the present study was to develop a monitor for depth of anesthesia 
using the AEP and the spontaneous EEG. The fundamental problem in developing 
such a monitor is that no objective reference for validation is available. This problem 
is well illustrated by the fact that what some researchers consider to be a promising 
technique for monitoring depth of anesthesia, which deserves further investigation, is 
used by other groups as a reference to validate another promising technique. For 
example, lower esophageal contractility (LOC) was proposed as a possible monitor 
for anesthetic depth [Cox and White, 1986; Aitkenhead et al., 1987; Evans et al., 1987], 
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but although it was never convindngly demonstraled that LOC measures 'depth of 
anesthesia,' LOC was used by Thomton et al. [1989b] as a reference for testing the 
validity of midlatency AEP's as a monitor for anesthetic depth. Another example is 
the use of the EEG spectrum "to provide an objective estimate of anaesthetic level" in 
a study on heart rate variability as a possible monitor for depth of anesthesia 
[Pomfrett et aL, 1993]. 

This ambiguity between possible techniques for measuring anesthetic depth and 
possible references for validating these techniques may result in circular reasonings, 
because it is impossible to resolve this ambiguity as long as there is no generally 
accepted definition for depthof anesthesia. In the meantime, however, it is perfectly 
valid to try to show that the results from a possible monitor for anesthetic depthare to 
some extent correlated with indirect measures of anesthetic depth. A possible monitor 
for anesthetic depth that is shown to be correlated with several of these indirect 
measures has a chance of becoming an operational definition for anesthetic depth. 
Below we will discuss several indirect measures for depth of anesthesia that have 
been used in previous studies. 

Amount of administered anesthetics 

The amount of administered anesthetics has been used in several studies to provide a 
reference for anesthetic level. Anesthetic dosage can be quantified with infusion rates 
when using intravenous drugs [Withington et al., 1986; Thomton, 1990], with expired 
concentrations when using inhalational agents [Cluitrnans, 1990; Thomton, 1990; De 
Beer et al., 1992], or with plasma concentrations of the administered anesthetics 
[Chassard et aL, 1989; Thomton, 1990]. A disadvantage of using the amount of 
administered anesthetics as a reference is that large variations may occur between 
individual patients in response to the same amount of administered drugs. Possible 
causes for this interindividual variation are differences in protein binding for opioid 
anesthetics, differences in elimination rates, or differences in apparent volume of 
distribution [Bovill et al., 1982a]. 

Evaluation by the anesthesiologist 

In a study by Cluitrnans [1990], the level of anesthesia was determined by the 
anesthesiologist, according to the following criteria: 

1. awake; 
2. patient sedated, but responsive to calling of his name; 
3. visible motoric responses, either spontaneous or to a noxious stimulus, but no 

response to calling of name; 
4. no visible motoric responses, but autonomous responses still present, either 

spontaneous or to noxious stimuli; 
5. no visible motoric or autonomous responses present. 

Although this provides an objective measure for the level of anesthesia, this scheme 
can only be used when no or only a very small amount of muscle relaxants are admin
istered. Experience with this scheme indicated that even for a skilied anesthesiologist 
it was sometimes difficult to assess the level of anesthesia according to these criteria 
[Cluitmans, 1991]. 
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Emergence from anesthesia 

In a study by Traast and Kalkman [1995], regaining of consciousness was defined as 
the moment during emergence at which the patient opened his or her eyes after being · 
repeatedly asked to do so by the anesthesiologist. Although eye opening seems to 
provide a clear endpoint, it is not unlikely that different patients respond to the 
instruction to open their eyes at different levels of consciousness. 

Isolated Forearm Technique 

The IFT was already mentioned as a possible monitor for depth of anesthesia. 
However, the problems associated with routine use of this technique for a longer 
period of surgery make it unsuitable as a monitor of anesthetic depth. Nevertheless, 
the IFT may be useful as a possible reference for validation of other techniques. 
Thomton et al. [1989a] used the IFT as a validatien for the potential use of the MLAEP 
as a monitor for depthof anesthesia during the period before start of surgery. 

Response to noxious stimulation 

The patient's response to noxious stimulation may be used as an indication of 
anesthetic adequacy. Several groups have stuclied the relationship between movement 
in response to incision and features from the EEG [Dutton et al., 1987; Rampil and 
Laster, 1992; Dwyer et al., 1994; Kearse et al., 1994; Lang et al., 1994b] or the MLAEP 
[Kuppe et al., 1993; Schwender et al., 1993c]. Similarly, the patient's hemadynamie 
response to incision was stuclied in relation to the EEG [Rampil and Matteo, 1987] and 
the MLAEP [Thomton, 1990]. 

Implicit memory 

It was already discussed in Section 2.1.3 that, even without conscious recall, it is 
possible for patients to show memory for intraoperative events. Two approaches exist 
regarding the significanee of implicit memory during anesthesia. One approach, 
mainly adopted by researchers in the field of consciousness, is to focus on the 
question whether impHeit memory can be demonstrated for information presented 
during adequate anesthesia, with the goal of gaining insight into memory processes 
during altered states of consciousness. The other approach, mainly adopted by anes
thesiologists, is to state that implicit memory must be a sign that anesthesia has been 
inadequate. In the experiments described in this thesis, we tend to favor the latter 
approach. However, it can be argued that adequate anesthesia does not necessarily 
require the patient to be unconscious, as long as no psychological damage is caused 
by inadequate suppression of consciousness. 

Event Related Potentials 

The early and middle latency componentsof the AEP as discussed in Section 2.2.7 
reflect the brain activity involved in transmission and processing of an auditory 
stimulus up to the level of the primary cortex. Midlatency AEP components are 
followed by the long latency components of the AEP (LLAEP), which reflect 
activatien of the association areas of the cerebral cortex. Because the properties of 
these components do not only depend on the physical charaderistics of the applied 
stimulus, but also on the state of the subject and on the context in which the stimulus 
was presented, these components are also referred to as Event Related Potentials 
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(ERP). A paradigm that is often used to elicit an ERP is the so-called 'oddball' 
paradigm. 

In an oddball task, two types of stimuli (for example, two tones of different pitch) are 
presented to the subject. During this stimulus presentation, one of the tones occurs 
much more frequently than the other tone. In genera!, the average response of the 
brain to the infrequent stimuli is different from the average response to the frequent 
stimuli, as indicated in Figure 2-1. The nomendature of the various peaks will be 
discussed in more detail in the next chapter. Long latency peaks N1 through P3 are 
regarcled to be a reflection of brain activity involved in stimulus processing and 
evaluation. Peak N1 has been associated with early discrirnination of incoming 
stimuli [Näätänen and Mitchie, 1979]. The amplitude of the N1 is not only affected by 
the physical properties of the stimuli but also by the subjeet's attention. The following 
P2 usually covaries with N1, but there is evidence for their dissociation [Näätänen 
and Picton, 1987]. Amplitude of peak P2 appeared to be sensitive to stimulus 
probability in a study during sleep [Nielse-Bohlman et al., 1991.], showing larger 
amplitudes for infrequent tones. Peak P3 (also referred to as P300) reflects the 
detection of stimulus deviance. When no active discrimination is asked from the 
subject, the detection of the deviant stimuli occurs automatically, and is reflected by 
an early, _fronto-central P3 subcomponent, labeled P3a [Squires et al., 1975]. In 
contrast, when subjects are required to pay attention to the series of stimuli and detect 
the deviant, a broad centro-parietal P3, also labeled P3b, is usually elicited. This 
component is believed to reflect controlled stimulus processing and target detection, 
presumably following conscious awareness of the stimulus [Pritchard, 1981]. 

N1 

P2 \I 

5 P3 

··200 0 200 400 600 800 

latency (msec) 

Figure 2-1; Example of the average brain response to frequent (solid lines) and 
infrequent (dashed lines) stimuli in an oddball paradigm. Por this type of brain 
response, negativity is plotted upwards by conventüm. 

Because LLAEP wavefarms are especially sensitive to the cognitive state of the 
subject, they seem useful for monitoring to what extent cognitive processing remains 
intact during anesthesia [Jessop et al., 1991]. Recently, the occurrence of the P300 
during general anesthesia was stuclied [Boylan and Plourde, 1989; Plourde and 
Picton, 1991; Plourde et al., 1993]. Using this component for routine monitoring of 
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anesthetic depth is an impractiçal proposition, since it is inherently impossible to 
follow rapid fluctuations in anesthetic state with the long acquisition time necessary 
for obtaining a P300 (three minutes at the very least under ideal recording 
conditions). In addition, multiple electrades are needed to check whether the 
observed wavefarm is truly an LLAEP wavefarm or an artifact [Plourde, 1993]. In the 
experiments described in this thesis, we used LLAEP measurements as a possible 
reference, not as a possible monitor for depthof anesthesia. 

2.4 Approach for the current experiments 

In this section, we will give a general outline of the methodology of the experiments 
described in this thesis. More details on the recording procedures and analysis 
techniques can be found in later chapters. 

Variables studied 

Por the experiments described in this thesis we decided to use a combination of 
features from the midlatency AEP and the spectrum of the spontaneous EEG. The 
motivation for this choice was already discussed in Section 2.2.8. Measurements of 
physiological data, such as heart rate, blood pressure and body temperature, were 
also included, partly for verification of the reliability of the obtained MLAEP and 
EEG signals, partly as additional information on the level of anesthesia. 

Data analysis 

A principal factor analysis (PF A) was performed on the combined features from the 
MLAEP, the EEG and physiological data. The purpose of this PFA was to analyze the 
correlations between the various obtained measures, to find out whether the MLAEP 
and EEG are similarly affected by anesthesia or, instead, may contain complementary 
information. The advantage of using a principal factor analysis is that it is not 
necessary, at this stage, to operationalize the definition for depth of anesthesia. 
Instead, the principal factor analysis results in combinations of MLAEP and EEG 
variables, the so-called factors, which may be interpreted in terms of effects present 
during anesthesia. In subsequent analyses, the interpretations of these factors should 
be validated using clinical signs of anesthesia. This validation, as described below, 
was done both for single MLAEP and EEG measures and for the factors resulting 
from the principal factor analysis. 

Validation with clinical signs of anesthesia 

At several moments during the course of surgery, blood samples were taken for 
postoperative analysis of plasma concentrations of the administered anesthetic agents. 
This enabled us to study the correlation between these plasma concentrabons and 
simultaneously obtained features from the MLAEP and EEG, with the purpose of 
establishing the amount of variation in MLAEP and EEG measures attributable to 
changes in plasma concentrations of the administered anesthetics. In previous 
research, this correlation was only stuclied during steady state conditions [Thomton et 
al., 1989b]. ' 
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Surgical stimulation has been reported to reverse the effect of anesthesia on the 
MLAEP amplitudes [Thornton et al., 1988]. In an attempt to replicate this finding, we 
stuclied the effect on the MLAEP and EEG after first incision and after sternotomy, 
which are considered to be reproducible painful stimuli. In addition, we also stuclied 
the predictive value of the MLAEP and EEG for predicting the occurrence of a 
hemodynamic response to incision (a hemodynamic response was defined as an 
increase in heart rate or arterial blood pressure). In previous studies EEG speetral 
features were used to predict movement in response to incision [Vemon et al., 1992; 
Kearse et al., 1994], but MLAEP features havenotbeen used for predietien purposes 
before. 

Validation with measures of cognitive processing 

In the experiments described in this thesis, we used long latency AEP's and an 
impheit memory test to assess cognitive processing during anesthesia. We assumed 
that, together with midlatency AEP's, these measurements assess the functionality of 
different stages in stimulus processing by the brain. MLAEP's are assumed to assess 
transmission of auditory stimuli to the brain, while LLAEP components, recorded 
during an oddball paradigm, reflect the capability of the brain to process different 
types of stimuli. Implicit memory tests monitor the functionality of memory processes 
during anesthesia. Although EEG measurements do not monitor any input-output 
relationship of the brain, or even what information, if any, is being processed by the 
brain, the EEG does reflect general activity of the brain, and could thus be interpreted 
as providing information on the state of the 'processor.' Therefore, EEG 
measurements were a lso included in our experiments. 

An impheation of our assumption that the described measurements reflect different 
stages of information processing is that whenever the functionality of stimulus 
processing at one stage is impaired by anesthesia, subsequent stages are assumed to 
be impaired also. If, for example, no LLAEP's can be recorded during a specific 
period of anesthesia, then we expect the postoperative implicit memory test to give a 
negative result for information presented during this period. Our hypothesis is that 
MLAEP and EEG measures may be used to predict the occurrence of cognitive 
processing as indicated by LLAEP measurements, and to predict the functionality of 
memory processes as indicated by implicit memory tests. 

The relationship between middle latency AEP components and the occurrence of 
LLAEP components, such as the P300, has not been investigated earlier. In an 
experiment by Engelhardt et al. [1992] the relationship between characteristic 
frequencies in the EEG, the occurrence of LLAEP's, and vigilance as assessed by 
psychometrie tests was studied, showing that LLAEP components are more sensitive 
to the level of vigilance than EEG speetral features are. The relationship between 
LLAEP components and memory is not clear from the literature. A study by Jessop et 
al. [1991] showed a correlation between amnesia and presence or absence of the P300, 
consistent with our assumption described above, while in a study by Samra et al. 
[1988] there was no relationship between amnesia and latency or amplitude of LLAEP 
components. 

In several recent studies it was shown that the latency and amplitude of middle 
latency components in the AEP are related to implicit memory during general 
anesthesia [Munglani et al., 1993; Villemure et al., 1993; Schwender et al., 1994b], but 
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no correlation between explicit or impHeit memory and EEG speetral features was 
found [Dwyer et al., 1994]. At the time the experiments described in this thesis were 
prepared, however, combining MLAEP and EEG recordings with implieit memory 
tests or LLAEP measurements had not yet been reported1 as the results of the above
mentioned studies were only communicated when our experiments were well 
underway. 

2.4.1 Hypotheses 

In summary, the following hypotheses were tested in the experiments described in 
this thesis: 
1. MLAEP and EEG measures are correlated with plasma concentrations of the 

administered anesthetics; 
2. MLAEP and EEG measures are correlated with the occurrence of hemadynamie 

responses to ineision and sternotomy; 
3. MLAEP and EEG measures are correlated with the occurrence of cognitive 

processing as indicated by the presence or absence of LLAEP components, and 
with the functionality of memory processes as indicated by impHeit memory tests; 

4. Principal factor analysis provides a combination of MLAEP and EEG measures 
that may be used for monitoring depth of anesthesia. 
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Recording and processing of 
neurophysiological signals 

3.1 The spontaneous EEG 

The electroencephalogram (EEG), which represents the electrical activity of the brain 
that can he measured at the scalp, results from a summation of the electrical activity 
of a large number of individual nerve cells in the brain near the electrode. Because 
groups of nerve cells, or neurons, receive input from the same underlying structures, 
there will be some coherence between the activity of individual cells. Because of this 
coherence, the total activity will not entirely cancel out, and there will be some 
resulting electrical activity that can he recorded by a scalp electrode. The amplitude of 
the recorded activity depends on the intensity of the electrical source, on its distance 
from the recording electrode, and on the electrical impedance of the structures 
between the souree and the recording electrode. 

Rhythmic activity in the EEG is supposed to he generated by so-called thalamic pace
makers [ Andersen and Andersson, 1968]. Such a pacemaker consistsof thalamic relay 
neurons and interneurons. Activity of thalamic relay neurons is projected to neurons 
at the cortex. Activation of relay neurons also activates interneurons, which in turn 
inhibit the relay neurons. At the end of this inhibition period, the relay neurons are 
activated again, and the cyde repeats itself. The frequency of the cyde is determined 
by the length of the inhibition period. For example, an inhibition period of 100 msec 
results in a frequency of 10 Hz. 

A widely used dassification of EEG patterns is the dassification into frequency bands. 
Although the EEG resembles a stochastic signal, it is not equivalent to white noise. 
There is always a frequency or a range of frequencies that is dominant. This dominant 
frequency determines the classification of the EEG pattern, as indicated in Table 3-1. 
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Besides the Ö, e, a and ~bands as indicated in Table 3-1, sometimes also a ~-2 band 
(30-60 Hz) is defined. When the EEG is recorded from a normal adult subject with 
eyes opened, the dominant frequency will be in the ~ range. Closing the eyes will 
result in a general slowing of the EEG to a rhythm. In sleeping subjects e and ö 
rhythm can be observed. 

Table 3-1: Classification of the EEG basedon the dominant frequency. 

classificatlon dominant frequency range 

0-4Hz 
4-8Hz 
8-14Hz 
14-30Hz 

Clinical applications of the spontaneous EEG include monitoring of sleep stages and 
the detection of brain abnormalities; for example, epileptic activity. This requires 
visual evaluation of the raw EEG by a trained expert. Although acute and severe 
brain abnormalities are likely to cause EEG abnormalities, normal EEG patterns may 
be seen in some cases of long-standing, mild and small cerebral abnormalities. Also, 
abnormal EEG pattems do not always indicate a clinically recognizable well defined 
brain function disturbance. Some EEG pattems that occur in a relatively large number 
of normal subjects can be an indication of a mild form of abnormalities in other 
subjects [Spehlmann, 1981]. 

An application of recording the spontaneous EEG during anesthesia is to detect the 
occurrence of ischemia, especially during carotid endarterectomy [Sharbrough et al., 
1973; Myers et al., 1977; McMennan and Purcell, 1988]. An indication of the occur
rence of ischemia is the development of differences between the left and right hemi
sphere during damping of the carotid artery. Another proposed application is to 
detect inadequate cerebral blood flow during cardiopulmonary bypass in open-heart 
surgery [Salemo et al., 1978; Simons and Pronk, 1983], although the usefulness of the 
EEG for this purpose has notbeen proven [Bashein et al., 1992]. Features derived 
from the EEG arealso being used in pharmacokinetic and pharmacodynamic Studies 
of anesthetic drugs. 

3.1.1 Recordlng the EEG 

The electrodes applied to the scalp for recording the EEG are usually placed 
according to the international 10-20 system, which is illustrated in Figure 3-1. An 
important feature of this system is that all electrode distances are equal to 10 or 20% 
of the size of the cranium. The vertex position (Cz) is the central point of the scalp: it 
is located on the midline, halfway between the nasion (the edge of the cranium just 
above the nose) and inion (the edge of the cranium at the back of the head). Fpz, Fz, 
Cz and Pz are called the midline electrodes. The distances between Cz and Pz, 
between Cz and Fz, and between Fz and Fpz are all equal to 20% of the distance 
between nasion and inion. The electrodes marked Ox are located over the occipital 
area of the brain, Px over the parietal area, Tx- over the temporal areas, Fx over the 
frontal area and Cx over the central area. Electrodes over the left hemisphere of the 
brain are marked with odd numbers, electrodes over the right hemisphere with even 
numbers. The electrodes at the ear lobes {Al and A2) are oftE7n used as reference 
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electrodes, either as a single reference, using Al or A2 as the reference, or in 
combination, using Al+A2 as the reference. Fpz is often used as the signa! ground. 
Reference and ground electrodes will be discussed in more detail later on in this 
section. 

@ 

eeee® 
@@) 

Figure 3-1: Placement of electrades in the intemationa/10-20 system. 

Electrode characteristics 

When scalp electrodes are used for recording the electrical activity of the brain, the 
skin will act as an impedance. To optimize recording conditions, this impedance 
should be kept as low as possible by scrubbing the skin to remove dead cells and by 
using conductive paste between the electrode and the skin. Another important point 
to consider is the electrical behavior of the transition between skin and electrode. 
When an electrode is applied to the skin, an equilibrium will develop between the 
electrode and the electrolytic fluids in the skin and the conductive paste. Metal ions 
from the electrode will move into the electrolyte, resulting in a voltage over the metal
electrolyte trailsition. This voltage will counteract the movement of metal ions into the 
electrolyte until an equilibrium is reached. The existence of this equilibrium makes it 
impossible to record a De-component in the EEG, because such a De-component can 
never be separated from the De-component resulting from the equilibrium between 
electrode and skin (also called electrode bias). Two other important implications of 
the existence of this equilibrium are the occurrence of movement artifacts and of 
polarization. ln addition, electrode impedance will be higher for lower frequencies, 
because of the capacitive properties of the transition between electrode and skin. 

Electrode movement 

When the electrode moves over the skin, the equilibrium between the metal and the 
electrolyte will be disturbed. As a consequence, the voltage over the metal-electrolyte 
transition will change and cause an artifact in the recorded EEG. Depending on the 
characteristics of the metal, the equilibrium will restore itself aftera shorter or longer 
period. This type of artifact can be minimized by choosing an electrode material in 
which the equilibrium will quickly restore itself, and by preventing electrode 
movement by thoroughly fixing the electrades in place on the skin. 
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Polarization 

Polarization occurs when a current flows through the metal-electrolyte transition. 
This current will result in a transport of ions, and thus will disturb the metal
electrolyte equilibrium. The main problem with polarization is that the magnitude of 
the disturbance depends on the magnitude of the current flowing through the metal
electrolyte transition. Therefore this type of artifact is impossible to separate from the 
signal of interest. Possible ways of minimizing polarization are: 

• using an electrode material that is not soluble in water to keep ion
concentrations as low as possible; 

• using large electrades to keep the current density at the metal-electrolyte 
transition as low as possible; 

• using high impedance amplifiers to keep the total current through the metal-
electrolyte transition low. 

A popular type of electrode for EEG recording is the Ag-AgCl or silver-silverchloride 
electrode. This is a silver electrode, covered with a thin layer of silverchloride. When 
applied to the skin, the silverchloride will dissolve into the electrolyte (resulting in 
Ag+ anderionsin the electrolyte) until an equilibrium is reached. This equilibrium 
will be reached very quickly, because silverchloride is very difficult to dissolve in 
water. This will result in a constant concentration of silver ions (Ag+) near the 
electrode, because any changes will be compensated immediately by disselvation or 
precipitation of silverchloride. Therefore this type of electrode is relatively insensitive 
to movement and very insensitive to polarization. The Ag-AgCl electrode has the 
added advantage of showing relatively small changes in electrode impedance with 
changes in frequency. 

Amplifying and filtering the EEG 

Because the EEG is such a small signal, the amplifiers used for recording and 
amplifying the EEG should be of very high quality. They should have a very low 
intrinsic noise level and a high rejection of any electrical noise common at the inputs. 
The amplifiers must also meet the generally accepted standards of safety for the 
patient: the leakage current to the patient should be less than 10 11A and the leakage 
current to the instrument case should be less than 100 11A (IEC 601 norm). 

Usually, computers are used to record and store the EEG. This requires sampling of 
the signal at the amplifier output. According to the Nyquist sampling theorem, the 
sampling rate at which the signal is recorded has to be at least twice as high as the 
highest frequency of interest in the signal. An anti-aliasing filter is required to 
eliminate all frequencies above at most half the sampling frequency befare the signal 
is digitized. The highest frequency of interest depends on the application for which 
the EEG is recorded. For studying the spontaneous EEG, the highest frequency of 
interest is about 30 Hz. When studying the EEG for sleep analysis or detection of 
epileptic activity, higher frequencies of up to 70Hz may be of interest to be able to 
study the occurrence of spikes and sharp wave activity [Spehlmann, 1981]. When the 
EEG is recorded for evoked potential averaging, a much higher sampling frequency is 
required. This will be discussed in the next section. 

Along with anti-aliasing filters, other filters may be used. The purpose of such 
filtering can be to eliminate frequencies at which no information or no relevant 
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information is present. Suitable filtering may also reduce the noise in the signal and 
enhance components of interest. In electrically vèry noisy environments such as the 
operating room, it may be necessary to apply a so-called notch filter to remove rnains 
interference from the EEG. 

Both analog and digital filters may be used in filtering the EEG. Analog filters are 
used before the signal is digitized and stored in the computer, digital filters are 
applied to the already digitized signal. Because anti-aliasing filters have to be applied 
before digitizing the signal, these filters must be analog filters. Analog filters have the 
disadvantage of tending to distort time relationships in the signal because of phase 
shifting.High-pass filtering tends to result in low frequency waves appearing earlier 
than their actual occurrence, low-pass filtering tends to result in delaying high 
frequency components. This effect is most prominent near the cut-off frequency of the 
filter, especially when a steep filter is used. Therefore, it is suggested that only 
shallow filters (6 or 12 dB/octave) should be used [Spehlmann, 1985; Thornton, 1990]. 
Digital filters do not necessarily cause temporal distartion in the signal. A 
disadvantage of digital filters is that they can be very expensive from a calculation 
point of view, especially when long filters are used. However, this concern becomes 
less relevant with the increasing availability of increasingly powerful hardware at 
relatively low prices. Also, for research purposes it may be relevant to study different 
filtering methods. Applying digital filters in this case has the advantage that the same 
EEG can be analyzed off-line using different filter settings and types of filters. For the 
experiments described in this thesis only digital filters were used, with the exception 
of the necessary anti-aliasing filters. 

Grounding and reference electrades 

When measurements are to be carried out in an electrically noisy environment such as 
the operating room, special care should be taken in selecting a reference electrode. 
There are two possibilities for the way in which the reference electrode is connected 
to the amplifier, depending on whether the recording is unipolar or bipolar. In uni
polar recordings, the signal electrode is connected to the signal input of the amplifier, 
while the reference electrode is connected to the signal ground of the amplifier. In 
bipolar recordings a third electrode (the ground electrode) is used. The signal 
electrode is connected to the plus input of a differential amplifier, the reference 
electrode is connected to the minus input of the amplifier, and the ground electrode is 
connected to the signal ground of the amplifier. This is illustrated in Figure 3-2. From 
a signal point of view there is no difference between unipolar and bipolar recordings. 
In both cases the output of the amplifier will be equal to the difference between the 

signaiV~ 
~ AV 

relerenee 

signaiV1 ~G> c A A(V1·V2}=AV 
signal ground -

signal V2 = relerenee 

Figure 3-2: U nipolar (top) and bipolar (bottom) recording of an electrical signa!. 
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signal electrode and the reference electrode. However, there is a difference in noise 
between the two methods. 

Because there will always be some rnains interference, there will be some noise 
present at all electrodes. Because of impedance differences in electrodes this noise will 
not be equal at all electrodes. In unipolar recordings the difference in noise between 
the signal and reference electrode will be amplified together with the signal. In 
bipolar recording, the difference in noise between the signal and reference electrode, 
relative to the ground electrode, will be amplified together with the signal. Because in 
this case a differential amplifier is used, the noise that is common to the ground 
electrode and the signal and reference electrodes will be suppressed, provided the 
common mode rejection of the amplifier is high enough. 

Previously we mentioned that the impedance of the recording electrodes should be 
kept as low as possible. In addition, when using bipolar recording, the differences in 
impedances between electrodes should be kept as low as possible. When an electrode 
and the reference electrode have the same impedance they will piek up an equal 
amount of rnains interference. If the common mode rejection of the amplifier is high 
enough, only the rnains interference that is nat common to the ground electrode and 
the signaland reference electrodes will be amplified together with the signal. 

3.1.2 Speetral analysis Qf the EEG 

Several techniques for analyzing the spontaneous EEG were already discussed in the 
previous chapter. Features from the frequency spectrum of the EEG were used for the 
analysis of the data from the experiments described in this thesis. In this section we 
will elaborate on some practical considerations in calculating a frequency spectrum 
from a digitized signal. 

Moving average filtering 

In analyzing the spontaneous EEG we are only interested in the frequency ranges as 
presented in Table 3-1. When the anti-aliasing filter that was applied before digitizing 
the signal had a higher cut-off frequency than the highest frequency of interest, the 
signal has to be low-pass filtered digitally before further processing, to eliminate fre
quencies above this highest frequency of interest. A straightforward way of imple
menting a low-pass digital filter is the so-called moving average filter. Using this 
filter, the filtered signal r(n) is calculated from the input signa} x(n) by averaging a 
number of samples from the signal before and after the sample to be filtered, as 
indicated in Equations (3-1) and (3-2). 

1 L 
r(nT) = L,x((n -k)T) (3-1) 

2L+lk=-L 

with T the sampling interval, equal to 1/ f,ample' and 2L+ 1 the filter length. 

or: 
L 

r(nT) = L,h(kT)·x(n-k)T = h(kT)®x(nT) 
k=-L 

. 1 
with h( kT)=-- for - L $; k $; L. ® denotes convolution. 

2L+l 

(3-2) 
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lt can he easily seen that "!lsing a larger L, the filter will more effectively "smooth" the 
input signa!. Because the moving average filter needs samples from the input signa! 
x(n) hoth hefore and after the sample to he filtered this type of filtering introduces a 
delay of L samples in the output signal. The frequency spectrum of the moving 
average filter is given in Equation 3-3. A graphical representation of this spectrum is 
presented in Figure 3-3 for a 69-point filter, which means that L=34. Because this 
spectrum is symmetrical around zero, only the part of the spectrum for n>O is 
presented in Figure 3-3. 

;n ~ 1 On 
H(e"·) = -'-" e-J 

n=-L 2L + 1 2L+l 

. (2L+l,....) sm--;l..: 
2 
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Figure 3-3: Frequency spectrum of a rnaving avetage filter for a 69-point filter 
(L=34). · 

Time domain windowing 

(3-3) 

In practical EEG analysis, the frequency spectrum will he calculated from a limited 
period of the signal (epoch). This limiting in time causes a phenomenon that is called 
"spectra! leakage," which means that in the calculated frequency spectrum there 
appear to he spurious signals present at frequencies that were absent in the original 
signa!. Spectralleakage can be minimized by making the signa! period to be analyzed 
as long as possible. This is not always feasible, since the recorded EEG will not be 
stationary over long periods of time. Another way to suppress spectralleakage is by 
tapering the beginning and end of the signa! period by applying a time window. 
Commonly used time windows, in order of capacity to suppress spectralleakage, are 
presented in Equations (3-4), (3-5), (3-6}, and (3-7). 
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The shapes of these windows are illustrated in Figure 3-4. A disadvantage of tapering 
the beginning and end of the signal period to be analyzed is that information present 
in these parts of the signal is not used for calculating the spectra. T o minimize the 
amount of signallost in this way, overlapping signal periods may be used. 

Figure 3-4: Shapes of commonly used time windows to prevent spectralleakrlge. 

Fourier transformation 

The Fourier transformation is a mathematica} transformation that takes a time signal 
as input, and gives as output the frequency spectrum of that signal. The mathematica! 
foundation of the Fourier transformation can be found elsewhere [Bracewell, 1978]. 
Conceptually, the Fourier transformation involves calculating the cross-correlations of 
the time signal with a series of sine and eosine functions of various frequencies. This 
will result in a high value for those frequencîes that are present in the original signal, 
and a low value for those frequencies that are not present in the original signal. Once 
these correlations are calculated, several charaderistics of the spectrum may be 
calculated, such as the median or speetral edge frequency as described in the previous 
chapter, or the signal power in the various frequency ranges as presented in Table 3-1. 
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3.1.3 Signal validation 

The EEG signal may be disturbed by so-called artifacts. In that case, the signal 
recorded at the electrode not only reflects the ongoing electrical activity ofthe brain, 
but also electrical activity from other sources. Possible generators of artifacts are: 

• Electromyographic (EMG) activity. Contraction of a muscle results in electrical 
activity that can be recorded with surface electrodes. Especially contraction of 
neck and jaw musdes will interfere with EEG recording at scalp electrodes. 
Because the frequency content of the EMG lies in the 100-300 Hz range, filtering 
of the EEG will usually be sufficient to remove this type of artifact. In evoked 
potential monitoring this is not possible, because the frequency range of some 
evoked potential components overlaps with the EMG frequency range. In awake 
subjects, the occurrence of EMG artifacts can often be prevented by having the 
subject lie down and relax. A side-effect of using muscle relaxants during 
anesthesia is the effective elimination of EMG artifacts. 

• Eye movement. Because the eye can be considered an electrical dipole, eye 
movements will change the electrical activity that is recorded at scalp electrodes. 
Several investigators have worked on algorithms to remove these artifacts from 
the recorded signal [Van den Berg-Lenssen et al., 1989; Brunia et al., 1989]. Eye 
movement artifacts may be minimized by having subjects keep their eyes closed 
during the recording procedure. 

• Electracardiogram (ECG). The electrical activity of the heart can often be picked up 
by EEG electrodes on the scalp. Interference from a cardiac pacemaker may result 
in very large ECG artifacts. Usually, ECG artifacts are minimized by choosing a 
symmetrical point for the reference electrode, for example on the subjeet's 
forehead. 

• Electrode movement. The cause of this type of artifact was already discussed in 
Section 3.1.1. In that section, possible ways of preventing electrode movement 
artifacts were also mentioned, namely thoroughly fixing the electrades in place on 
the skin, and choosing an electrode material in which the electrochemical 
equilibrium between electrolyte and skin will quickly restore itself. 

• Mains interference. The most common cause of 50-Hz (60-Hz in the United States), 
or rnains interference, is unequal electrode impedances. This was already 
discussed inSection 3.1.1. When attempts at equalizing electrode impedances are 
not sufficient to eliminate all rnains interference, a notch filter at 50 or 60Hz may 
be used, but only if this does not remove part of the signalof interest. 

• Electrosurgery. Electrosurgical equipment sometimes generates very strong, high
frequeJ,lcy electrical fields that can be picked up by EEG and ECG electrode leads. 
This type of interference is often so strong that the EEG amplifiers overload, 
resulting in an output signal that is absolutely useless. Obviously, in the case of 
amplifier overload this type of interference is impossible to filter out, and the only 
way to deal with this type of artifact is to stop EEG or evoked potential 
monitoring completely during periods in which electrosurgery is used. 
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3.2 Auditory evoked potentials 

When a sensory stimulus is presented to a subject, the conduction of this stimulus to 
the brain, and subsequent processing in the brain, results in the generation of an 
evoked potential. The activation of different parts of the sensory pathway results in 
variations in the electrical activity recordable at the scalp. This EEG will then be a 
summa ti on of the spontaneous electrical activity of the brain and the electrical activity 
elicited by the sensory stimulus. The electrical activity elicited by the sensory stimulus 
is very small in comparison to the spontaneous EEG that is recorded simultaneously. 
Therefore, this evoked potential cannot be measured directly. Instead, a large number 
of stimuli is presented to the subject. If we assume that each stimulus will result in the 
same response being evoked, time-locked to the stimulus, while the ongoing 
background EEG is independent of the stimulus, then averaging the responses to a 
large number of stimuli will result in the background EEG being averaged out, while 
the average response to the stimuli results in an evoked potential. This evoked 
potential consists of a sequence of peaks and troughs. The different peaks and troughs 
in this sequence are characterized by their amplitudes and latendes; that is, the time 
after presentation of the stimulus at which they occur. 

The main clinical application of sensory evoked potentials is to assess the 
functionality of a sensory pathway. Evoked potentials can help in detecting lesionsin 
a nervous pathway that are not detected by clinical investigations, and they may help 
in localizing these lesions within a certain segment of the nervous pathway. Evoked 
potentials are also used in ophthalmologic and audiologie studies, for example to 
determine hearing thresholds in infants and other non-communicative subjects 
[Musiek and Donnelly, 1983; Spehlmann, 1985]. 

Another application is the monitoring of a sensory pathway during types of surgery 
where this pathway is at risk of being damaged. In such types of surgery it is very 
important that the employed anesthetic technique does not produce changes in the 
sensory evoked potential that could be mistaken for changes resulting from damage 
to the sensory pathway [Grundy, 1982, 1983; Kalkman et al., 1988]. The research on 
the influence of anesthesia on sensory evoked potentials for this application has led to 
the concept that sensory evoked potentials may also be used for monitoring the effects 
of anesthesia. 

3.2.1 The averaging process 

The evoked potential can be extracted from the recorded EEG by an averaging 
process. If we define a sweep y;(t} as the recorded activity measured after the ith 
stimulus, s(t) as the response in which we are interested and n;(t) as the background 
activity independent of the stimulus, then this sweep can be represented as 

(3-8) 

An average of N sweeps then yields an estimation s(t) of the evoked potential, which 
can be written as 

s(t)= s(t)+ 11· fni (t) (3-9) 
i=l 

31 



Chapter 3 

In the averaging process necessary to obtain an evoked potential waveform, two 
assumptions are made. The first is that the response s(t) to the sensory stimulus does 
not change during the stimulation period. The second assumption is that the 
stimulus-independent background activity n1(t) can beregardedas a stochastic, zero
mean process with varianee E{n/Ct)}=cr 2 that does not change during the evoked 
response measurement and is independent of the stimulus. Using these assumptions, 
the expected value of s(t) becomes 

E{s(t)}= s(t)+ ~ ~E{n1 (t)}= s(t) (3-10) 

Now we can calculate the standard error (SE) of the average evoked potential, which 
is equal to 

SE=JE{(s(t)-s(t)) 2 }= JN (3-11) 

In practical situations, the above-mentioned assumptions are not always valid. When 
the sensory response is not constant during the stimulation period, the obtained 
average represents a mixture of responses as recorded during the stimulation period. 
When the varianee of the background activity changes during the measurement 
period, the standard error in the resulting average will not decrease proportionally to 
the redprocal of the square root of the number of stimuli. 

Changes in the sensory response 

Several researchers have studied the variability of the sensory response during the 
stimulation period. An alternative model for the response to a single sensory stimulus 
was given by Woody [1967]: 

y1(t)=s(t-'tJ+n1(t) (3-12) 

This model describes the response to a single stimulus as an invariant response that 
may be shifted in time. An estimation for the shift of individual responses can be 
found by calculating the cross-correlation of single sweeps with a template of the 
evoked potential. McGillem and Aunon [McGillem and Aunon, 1977; Aunon, 1983] 
proposed an extension of this technique that included calculating the cross-correlation 
of parts of the evoked potential with a template of the peak that is supposed to be 
present in that part of the evoked potential. Subsequently, to improve the resulting 
average, parts of each sweep were aligned to correct for changes in latendes of 
individual peaks. Although these techniques yielded good results, this type of 
averaging is mainly useful in averaging those evoked potentials where the signal-to
noise ratio of single sweeps is large, for example, visual evoked potentials or long 
latency AEP's. 

Non-stationary background activity 

The second assumption, concerning the background activity or noise being a 
stochastic, zero-mean process with invariant statistica} properties, can be incorrect 
due to a number of causes. The background activity consists of two components with 
different origin. The main component is the spontaneous EEG, of which the statistica! 
properties may vary significantly during the data acquisition period. The assumption 
most important for evoked potential monitoring (the noise has a zero mean value) 
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usually remains valid. However, if the varianee of the noise is not constant then the 
conventional average is not the optimum estimator for the evoked potential. To deal 
with changing noise variance, weighted averaging was proposed [Miskiel and 
Özdamar, 1987]. The approach in weighted averaging is to give sweeps with much 
noise less weight thansweeps with less noise. A major disadvantage of this technique 
is that the absolute amplitude information in the resulting evoked potentialis lost. 

The second component of background noise is of non-EEG origin, the so-called 
artifacts. Possible generators of artifacts were already discussed inSection 3.1.3. It is 
important to detect signal periods containing artifacts, especially when the amplitude 
and the number of artifacts are so high that they can not be canceled out by the 
averaging process. Once detected, it may he possible to reduce the influence from 
artifacts on the resulting average by removing contaminated signal periods from the 
averaging process. A methad for detecting artifacts was developed by Cl uitmans et al. 
[1993]. An evaluation of the performance of this methad in a clinical environment will 
he presented in Chapter 7. 

Signal validation 

As was discussed above, the evoked potential resulting after the averaging process 
consists of a signal part s(t) and residual noise. When the quality of this resulting 
evoked potential is to be assessed, bath the stationarity of the recorded signal during 
the averaging process and the amount of residual noise should he considered. 

An estimation of the amount of residual noise in the evoked potential may be 
obtained by separately averaging subsets of the available sweeps. An example is the 
separate averaging of sweeps following odd-numbered and even-numbered stimuli 
[Glaser and Ruchkin, 1976]. Assuming that the signal part in both averages should 
converge to the estimation of the evoked potential, the difference between the two 
averages gives an estimate of the amount of residual noise in the evoked potential. 

The stationarity of the background noise and the time-invarianee of the sensory 
response may be monitored during the averaging process. A possible way of doing 
this is tracking the difference between the resulting average after X sweeps and after 
X+o sweeps [Van de Velde et al., 1993]. When all assumptions are valid, this 
difference should be gradually decreasing. When this difference is nat decreasing 
then one may conclude that either the sensory response is changing or there is a 
change in noise characteristics. In both cases, the assumptions underlying the 
averaging process are not valid anymore. Quantifying this approach and evaluating 
its usefulness is a topic of ongoing study. 

3.2.2 Alternatives to conventional aversging 

The sensory response must be recorded for a certain amount of time in order to obtain 
a signal-to-noise ratio that is sufficient to produce a reliable evoked potentiaL In order 
to decrease the amount of time necessary to obtain an evoked potential, or to obtain a 
higher signal-to-noise ratio in the same period of time, several alternative techniques 
for conventional averaging have been proposed. In this section, some of these 
techniques will he discussed. Only non-linear analysis was used for the experiments 
described in this thesis. 
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Filtering techniques 

In conventional averaging. of the evoked potential, it is assumed that the evoked 
potential consistsof a sequence of points that are to be estimated individually. This 
does not take into account that an evoked potential is a coherent structure instead of 
an arbitrary sequence of points. Using this coherence it is possible to improve the 
results of conventional averaging by Wiener filtering of the recorded signal [De 
Weerd, 1981]. The transfer function H(j) of a Wiener filter is determined by the 
spectrum S(j) of the signal of interestand the spectrum N(j) of the background noise: 

H(f) S(f)+N(f) (3-13) 

Because the spectra of the signal and the noise are unknown in general they must be 
estimated. 

Adaptive filtering 

A possible approach to separate the signal of interest from the background noise is to 
filter the recorded signal with a filter adapted to the noise or to the signal of interest. 
To adapt a filter to the properties of the noise, one can use a second channel, shifted in 
time with respect to the primary channel [Davila, 1986]. The properties of the noise 
may also be modeled by autoregressive analysis of the spontaneous EEG, recorded 
without evoked potential stimulation [Rau, 1989]. To adapt the filter to the signalof 
interest, that is, the evoked potential, one needs an initia! estimate of this evoked 
potential. A possible initial estimate may be a partial average [Thakor, 1985; Liberati, 
1988]. Adapting the filter to this partial average may provide a better estimate of the 
overall average. 

When using filtering techniques, care should be taken that the signal of interest is not 
removed together with the noise. This is espedally difficult when the sensory evoked 
response is much smaller than the background noise, as is the case in BAEP and 
MLAEP monitoring. 

Non-linear analysis 

In conventional evoked potential monitoring, the applied sensory stimuli are 
presented far enough apart in time to prevent overlapping of the individual 
responses. If the sensory system were a linear system, then overlapping responses 
would result in a simple addition of the individual responses. However, the sensory 
system is not a linear system. This can be easily understood by consiclering the 
refractory period of individual nerve cells. When a nerve cell is sufficiently 
stimulated, an action potential will occur. During a short time interval after the 
occurrence of this action potential (the refractory period), repeated stimulation of the 
same nerve cell with a stimulus of equal strength will not result in a second action 
potential. This means that the addition of two stimuli applied to a nerve cell will not 
result in addition of two action potentials when the two stimuli follow each other 
closely in time. Therefore, the sensory system is not a linear system. Other non
linearities may be caused at nerve synapses, where the action potential is transmitted 
from one nerve to another through release of chemicals. 

Because the sensory system is not a linear system, overlapping of individual 
responses should be avoided. However, when the interference of overlapping stimuli 
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occurs randomly, then this intedering effect will smooth out in the average response 
to a single stimulus. This principle is applied in the method developed by Guitmans 
[Cluitmans, 1990] in an attempt toshorten the time necessary for recording an evoked 
potential. This method uses a Poisson process' for generating random intervals 
between the presented sensory stimuli. Because the rate of stimulation is not limited 
anymore to the time period of interest after application of a stimulus, the average 
stimulation rate can be much higher than in conventional stimulation. However, 
because of intedering stimuli, the average response .to a single stimulus will be 
smaller than the average response to a single stimulus in conventional stimulation, 
resulting in a lower signal-to-noise ratio. A study by Van de Velde et al. [1993] 
showed that there is an optimal average stimulation rate where the time needed to 
obtain a preset signal-to-noise ratio is minimized. This minimum time is shorter than 
the time needed for obtaining this signal-to-noise ratio when using conventional 
stimulation. 

As a result of using random interstimulus intervals it becomes possible to study the 
non-linear behavior of the sensory system. Although this aspect of the technique of 
random stimulation was not used in the experiments described in this thesis, we will 
refer to this technique as the non-linear analysis (NLA) technique, to prevent 
confusion with conventional stimulation techniques. 

3.2.3 A taxonomy of evoked potentials 

Evoked potentials can be classified in a number of ways. Commonly used 
classification methods are based on one or more of the following characteristics: 

• the modality of the stimulus; 
• the post stimulus latency of the peaks or complexes; 
• the neuronal structures that generate the evoked potential; 
• the distance between the neuronal generators and the recording electrode. 

A synopsis of various types of evoked potentials based on these classifications is 
presented in Table 3-2. This is not meant to be a complete overview, but to show the 
most commonly used types of evoked potentials. There is also some overlap between 
the various classes mentioned here. This is because general agreement does not exist 
in all cases over the exact boundaries to use. 

Stimulus modality 

Evoked potentials are elicited by applying a sensory stimulus. Depending on the 
sensory modality of the stimulus, the resulting evoked potential is classified as a 
somatosensory, a visual, or an auditory evoked potential. The choice for the type of 
stimulus depends mainly on the part of the nervous system to be investigated. 
Another consideration in choosing the modality of the stimulus is which senses are 

'A Poisson process is a random process of discrete events of duration o with the following properties 
[Cluitmans, 1990): "1. The events in each time interval are statistically independent of the events in 
any other non-overlapping time interval. 2. As the time interval o approaches zero, then, for any 
starting time the probability on the occurrence of a single event is proportional to the length of the 
interval {P[one eventin o]=cr·o, cr > 0), and the probability on the occurrence of more than one eventin 
ö is negligible {P[two events in Ö]=O and P[no events in Ö]=l - O'·Ö}." 
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available for stimulation. Auditory evoked potentials (AEP's) will be discussed in 
more detail in Section 3.2.4. 

Table 3-2: A synopsis of various types of evoked potentials. 

classification method 

stimulus modality 

post stimulus Jatency 

neuronal generator 

distance from generator 
to recording electrode 

Post stimulus latency 

type of EP 

• somatosensory evoked 
potential (SSEP} 

• visual evoked 
potential (VEP) 

• audltory .evoked 
potential (AEP) 

• short latency EP 
• middle latency EP 
• long latency EP 

• cortical EP 
• subcortical EP 

• near-field EP 
• far-fleld EP 

characteristics 

methods 
• electrical current, 

tactile, tempersture 
• flashes, checkerboard 

pattems, diffuse light 
• clicks, tone pips, words 

latency 
• <10-40 ms 
• 20-100 ms 
• 10()-500 ms 
origin 
• carebral cortex 
• brainstem, spinal 

cord, cranial nerve, 
peripheral nerve, 
sensory receptor 

distance 

• less than 2 cm 
• larger than 3 cm 

The post stimulus latency, or simply latency, of an evoked potential is the time 
between the stimulus and the evoked potential elicited by the stimulus. Evoked 
potenhals can be divided into short latency, middle latency and long latency evoked 
potentials. The suggested boundaries as indicated in Table 3-2 are meant as a rough 
indication only; nogeneral agreement exists on the exact values to be used. 

Short latency evoked potential components are generated near the location where the 
stimulus is applied. These potenhals arrive at the scalp mainly through volume 
conduction. This occurs much faster than signal conduction via the nervous pathway. 
Because relatively few synapses contribute to the recorded signal, this signal is 
usually less affected by anesthetic or other drugs than longer latency components, 
and, when scalp electrades are used for recording this signa!, the amplitude of the 
signal is usually very small. Typical amplitudes for short latency evoked potentials 
are in the order of 1 pV or less. This makes extensive averaging, using 1000 stimuli or 
more, necessary. Short latency evoked potentials usually show less intra- and inter
subject variability than longer latency evoked potentials [Grundy, 1985; Thornton, 
1990]. 

Middle latency evoked potenhals are generated in thalamic and cortical structures. 
These signals are more affected by anesthetic and other drugs than are short latency 
components. Long latency evoked potentials arise in the association areas of the 
cortex, and are dosely related to cognitive processes. These signals are very sensitive 
to the administration of drugs and the subjeet's individual emotional state [Thornton, 
1990]. 
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Neuronal generator 

Another method of classification of evoked potentials is based on the neuronal 
structures that generale the signal. Examples of possible generators are the cerebral 
cortex, the brainstem, the spinal cord, peripheral nerves, and sensory receptors. This 
type of classification can be useful when lesions or tumors in nervous pathways are to 
be detected or located [Spehlmann, 1985] or when specific neuronal structures are to 
be monitored during surgery. 

Distance from generator to recording electrode 

Here we can distinguish two types of evoked potentials; namely, near field and far 
field evoked potentials. Near field evoked potentials are recorded in the vicinity of 
the neuronal generator. Near field evoked potentials usually have much larger 
amplitudes than far field evoked potentials. Typkal amplitudes of near field evoked 
potentials are in the order of 1-50 J.lV, whereas the amplitude of a far field evoked 
potentialis typically smaller than 1 J.lV. 

3.2.4 Morphology of auditory evoked potentials 

AEP's are generated by applying clicks or tone bursts through earphones to the 
subject. Typical repetition rates for applying the stimuli are 5 to 20 Hz. The AEP is 
commonly recorded using scalp electrades applied at the vertex (Cz in Figure 3-1) 
and ear lobes (Al and A2) of the subject. Somelimes an inion position is used as 
reference insteadof Al and/ or A2, to prevent artifacts from the post-auricular muscle 
response. However, this reference position gives a slightly worse definition of 
brainstem components [Thomton, 1990]. AEP's contain a sequence of positive and 
negative peaks or waves following the stimulus. 

Classification of the various components of the AEP is usually done according to a 
combination of the neuronal generator of the component and post stimulus latency. 
Typically, we distinguish between brainstem components, early cortical components 
and late cortical components. This is 'mustrated in Figure 3-5. The first part of the 
evoked potential is called the brainstem auditory evoked potential (BAEP), which 
extends from 0 to 10 msec after the stimulus. The second part is the early cortical, or 
middle latency, auditory evoked potential (MLAEP). These components range from 
10 to 100 msec after the stimulus, and are believed to be generated in the medial 
geniculate and in the primary cortex. The third part, after 100 msec, is called the long 
latency auditory evoked potential (LLAEP). Peaks in this part of the evoked potential 
are supposed to reflect activity in the association areas of the cerebral cortex. Typkal 
amplitudes of AEP components are in the order of 1J.lY for the BAEP, 1-2pV for the 
MLAEP and 1-10 pV for the LLAEP. 

The various components in the AEP are named according to a generally accepted 
convention. Positive peaks in the BAEP are denoted using Roman numerals I to VIL 
In the MLAEP and LLAEP, narnes of positive peaks begin with a 'P' and narnes of 
negative peaks begin with an 'N.' The componentsin the MLAEP are labeled NO, PO, 
Na, Pa and Nb. The components in the LLAEP are labeled Pl, N1, P2, N2 and P3. Pl 
is sometimes also labeled as Pb, and Nl is somelimes labeled as Ne. The labels Pb and 
Ne are often used when these peaks are considered middle latency components 
insteadof long latency components [Musiek and Donnelly, 1983]. Because this thesis 
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Figure 3-5: A schematic representation of an auditory evoked potential. BAEP: 
brainstem auditory evoked potential, extending from 0 to 10 msec after stimulus 
presentation. MLAEP: middle latency auditory evoked potential, extending from 10 
to 100 msec after stimulus presentation. LLAEP: long latency auditory evoked 
potential, occurring later than 100 msec after stimulus presentation. 

is mainly concemed with analysis of the MLAEP, labels Pb and Ne will be used in the 
remainder of this thesis. An alternative naming convention for long latency 
components, especially for components P3 and later, is the use of the latency at which 
the component usually occurs. In that case, P3 is labeled as P300. 

Clinical applications of evoked potentials in general were already discussed at the 
beginning of this section. Two of the examples mentioned there, the monitoring of the 
integrity of the nervous pathway and the assessment of sensory thresholds, apply 
equally to AEP's, espedally the BAEP. MLAEP's are used less frequently in 
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audiologie and neurologie studies. In combination with the BAEP they may be used 
to detect multiple sclerosis [Spehlmann, 1985]. The LLAEP is mainly used in 
psychophysiology and research on cognitive functions. For audiologie studies this 
evoked potential is not very useful, since the properties of the LLAEP vary greatly 
with the alertness of the subject. 

3.2.5 Factors affecting the auditory evoked potential 

Variations in the AEP waveform may be caused by several factors. The most 
important ones are discussed in this section. 

Technica[ factors 

• Filtering. Filter settings have to take into account the frequency composition of the 
AEP componentsof interest. In Table 3-3 commonly used filter settings for AEP 
monitoring are summarized [Thornton, 1990]. It was already discussed inSection 
3.1.1 that analog filtering may affect the time relationships in the recorded signal. 
Scherg [1982a] showed that high-pass filtering not only enhances the amplitude of 
middle latency components, but also decreases their latencies. To avoid this type 
of distortion, digital filters should be used instead of analog filters, or analog 
filters with shallow slopes (6 or 12 dB/octave) should be used [Spehlmann, 1985; 
Thornton, 1990]. 

Table 3-3: Commonly used filter settings for different parts of the auditory evolred 
response [Thornton, 1990]. 

AEP section of interest 

brainstem 
early te mlddie latency 
middle te long latency 

High-pass filter [Hz] 

100·500 
1-30 
0.01-1.5 

low-pass filter [Hz] 

1600-3600 
100-500 
15-100 

• Stimulus type. Either clicks or tone bursts may be used to evoke an auditory 
response. Because braadband clicks contain a wide range of frequencies, they 
stimulate a large part of the cochlea. Therefore they are very suitable for 
producing a response in a large number of nerve fibres, resulting in a large total 
response. Tone bursts may also be used to evoke an auditory response. Because a 
tone is necessarily Jonger in duration to define its frequency, tone bursts are 
unsuitable for the recording of fast responses such as the brainstem and early to 
middle latency componentsof the AEP. Tone bursts are frequently used for the 
recording of long latency AEP components. In that case combinations of different 
tones may be used to study cognitive processing in response to different stimuli. 

• Initia! phase of the stimulus. Clicks that start by moving towards the eardrum and 
then back are called condensation clicks. Rarefaction clicks start by moving away 
from the eardrum. These two types of clicks produce slightly different brainstem 
responses, but no differences are reported in early to late cortical AEP 
components [Spehlmann, 1985; Thornton, 1990]. 

• Binaural vs. manaural stimulation. When the stimulus is applied binaurally, this 
will generally result in an increased amplitude of all components of the AEP. 
When manaural stimulation is used, differences may be observed between the 

39 



Chapter 3 

ipsilateral (recorded at the side of stimulation) and contralateral (recorded at the 
opposite side) recordings. Brainstem wave I is not seen in contralateral 
recordings, and early cortical wave Na is larger in amplitude and shorter in 
latency at the contralateral side [Thornton, 1990]. When manaural stimuli are 
presented to one ear, masking noise is presented to the other ear, to prevent cross
stimulation resulting from conduction by the skull. 

• Stimulus intensity. Below the normal hearing threshold, no response will be 
present. Increasing the stimulus intensity results in increasing amplitudes and 
decreasing latendes of all AEP components [Stockard et al., 1978b; Thornton, 
1990]. When stimulus intensities higher than 70 dB above hearing level are used, 
musde artifacts from the stapedius may obscure components PO and Na. When 
musde relaxants are administered, however, this is not a concern. 

• Stimulus presentation rate. Increasing the stimulus presentation rate can reduce the 
time necessary to complete the recording, which is an important clinical 
consideration. However, increasing the stimulation rate generally reduces the 
response amplitude. Also, individual responses will start to overlap when the 
stimulation rate becomes high enough. AEP brainstem components will start to 
diminish with presentation rates over 10 clicks/sec, although peak V remains 
visible at rates up to 50 clicks/sec. For early to middle latency components the 
most common stimulation rateis 6-10 clicks/sec. Long latency AEP components 
are best recorded with stimulus presentation rates of 0.5 to 1.5 per second 
[Thornton, 1990]. An alternative to conventional stimulus presentation, using a 
much higher stimulation rate, was already discussed inSection 3.2.2. 

• Number of stimuli presented. The number of stimuli used for averaging an AEP 
waveform determines the amount of residual noise, which may influence the 
reliability of components. For brainstem AEP's, the responses to several 
thousands of stimuli must be averaged to obtain a sufficient signal-to-noise ratio. 
For MLAEP's, 500 to 1000 stimuli are needed [Thornton, 1990]. When the NLA 
technique for stimulus presentation is used for recording of MLAEP's, the 
number of stimuli needed to obtain a sufficient signal-to-noise ratio depends on 
the actual average stimulation rate used. For an average stimulation rate of 80 
clicks/sec the minimum number of stimuli is in the order of 3000-5000 [Van de 
Velde et al., 1993]. Because LLAEP's typically have much larger amplitudes than 
MLAEP' s, the number of trials that must be averaged may be much lower. In the 
absence of artifacts, averaging 50 trials in response to the infrequent stimuli in an 
oddball task generally results in acceptable waveforms. 

Subject related factors 

• Physiologic changes. Changes in several physiologic variables, such as body 
temperature and arterial blood pressure, affect the AEP waveform. This will be 
discussed in Chapter 5, where we will also discuss the system developed for 
recording the changes in these varlab les. 

• Age and gender. The effects of age and gender have been most extensively stuclied 
for the brainstem AEP components. BAEP latendes tend to increase with age, and 
are longer in rnales than females. Neither of these effects is solely due to 
differences in head size. BAEP amplitudes decrease with age and are larger in 

40 



Neurophysiological signals 

females than in rnales [Chu, 1985; Thornton, 1990]. Middle and long latency AEP 
components tend to have langer latendes in adults than in children, and in 
elderly people, latendes increase further. MLAEP and LLAEP amplitudes tend to 
decrease with age. Similar to BAEP components, the MLAEP amplitudes in 
females tend to be larger than those in rnales [Spehlmann, 1985; Woods and 
Clayworth, 1986; Thornton, 1990]. 

Pharmacological factors 

The effects of several pharmacological agents on the AEP have already been discussed 
in Chapter 2. In addition, it has been shown that chronic alcoholism may increase the 
latendes of all AEP components [Spehlmann, 1985; Thornton, 1990]. 

3.2.6 Processing of auditory evoked potentials 

From the previous sections it may be dear that AEP wavefarms are characterized by 
the amplitude and latency of.the various peaks that occur in the waveform. Therefore, 
the absence or presence of peaks and their amplitudes and latendes should be 
reliably assessed. Usually, this is done by visual examination of the wavefarms by a 
human observer. The reliability of this visual examination is largely dependent on the 
experience of this human observer. However, even when observers are experienced 
and have a thorough knowledge of AEP measurement techniques, they will not 
always exactly agree with each other. 

In a study by Van Gils [1995] it was shown that the RMS difference between the 
assessments of two human observers of peak latendes was 0.26 msec for brainstem 
peak V, 7.0 msec for middle latency peak Na, 5.1 msec for middle latency peak Pa, 
and 9.3 msec for middle latency peak Nb. In the same study it was shown that the 
differences between the peak latendes assessed by an artificial neural network and 
the human observers was in the same order of magnitude. From this study it also 
appeared that the main souree of disagreement between human observers was in 
those cases where two possible peaks may be labeled as the peak of interest. When 
two human experts agreed as to the location of the peak, their actual latency 
estimations were very close. However, when they differed as to which peak to label 
as the peak of interest, their latency estimations were very different. 

Although an important element in the assessment of AEP peaks is the application of 
visual pattem recognition techniques, some more or less explicit rules may also be 
used to aid a human expert in evaluating the AEP waveforms. For example, it is 
important to know a priori what the 'normal' latency range of the various peaks is. 
Knowledge about the factors influendng the AEP in genera!, as mentioned in the 
previous section, and knowledge about these factors during the actual AEP recording 
to be evaluated, all taken tagether may help in defining a latency range where a 
specific peak should be located. 

When the latency of a peak has been determined, there are several possible methods 
for determining the amplitude of a peak. This peak amplitude must be determined 
relative to some kind of baseline level. Often used methods for determining this 
baseline level are: 
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• The average DC-level in a quiet part of the wavefarm or in the complete waveform. The 
disadvantage of this methad is that it is very sensitive to changes in the DC-level 
of the waveform; for example, changes caused by insuffident rejection of artifacts. 
Especially in recordings where the amplifiers are overloaded because of the use of 
electrosurgery, insufficient rejection of artifacts may severely affect the average 
DC-level of the resulting AEP wavefarm while leaving the basic shape of the 
wavefarm intact. 

• The line joining the two neighboring peaks in the waveform. An mustration of this 
technique is presented in Figure 3-6. The advantage of this methad is that it is not 
sensitive to changes in the DC-level of the waveform. A disadvantage is that it 
cannot be used for the first and last peak in a waveform, because those peaks do 
not have two neighboring peaks. For those peaks, the first methad may be used. 

V 

Pb 

0 time 

Figure 3-6: Determination of AEP latency and amplitude. The latency of a peak is 
measured as the time between stimulus presentation (time 0) and the occurrence of 
the peak. The amplitude is measured as the distance of the peak to the line joining 
the two neighboring peaks. 

• The maximum amplitude in a selected window. The maximurn (for positive peaks) or 
minimum (for negative peaks) amplitude in a time window around the expected 
latency of a specific peak rnay be used for amplitude assessrnent. This also 
supplies an estirnation for the actuallatency of the peak. A possible technique of 
determining the location and width of this time window is to use a grand average 
waveforrn; that is, the wavefarm obtained by averaging all wavefarms to be 
analyzed. A disadvantage of this methad is that it is very sensitive to noise in the 
waveform. Another disadvantage is that when two possible peaks rnay be labeled 
as the peak of interest, the rnethod always chooses the largest one, irrespective of 
total wavefarm rnorphology. 
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3.3 Neurophysiological recordlngs in the current experiments 

This section describes the general setup of recording and processing of the 
neurophysiological signals in the experiments described in this thesis. 

3.3.1 Middle latency AEP's and the spontaneous EEG 

Middle latency AEP' s were elicited with monaural100-psec rarefaction clicks at 75 dB 
SpL (sound pressure level), with contralateral white masking noise at 45 dB SpL. 
Clicks were presented in the pilot study with an interstimulus interval of 90 msec, 
which equals a presentation rate of 11.1 clicks/sec. This stimulation rate was chosen 
in a trade-off between necessary acquisition time and visibility of components Pa and 
Nb. In the pilotstudy the number of clicks presented for each MLAEP recording was 
1000. In the main study clicks were presented using the NLA technique for auditory 
stimulation as described in Section 3.2.2, with an average presentation rate of 80 
clicks/sec. The number of clicks presented for each MLAEP recording in the main 
study was 6,000 for preoperalive recordings, and 10,000 for intraoperative recordings. 
The raw EEG reeorded for MLAEP averaging was measured from positions Cz-A1 
and Cz-A2 with Fpz as signal ground. Both signals were high-pass filtered at 5 Hz 
and low-pass filtered at 1500 Hz ( ~3 dB cut-off frequencies; filter slopes were 12 
dB/octave) and subsequently digitized with a sampling rate of 5 kHz and a 
resolution of 12 bits. 

In the evaluation of the MLAEP waveforms, we used a combination of automatic 
recognition of MLAEP peaks by an artificial neural network and evaluation by a 
human observer. The neural network assessed the location of the peaks, and the 
visual evaluation consisted of checking whether the observer agreed with the choke 
of the neural network in 'difficult' cases. In most cases, this meant checking whether 
an auditory response was present at all. This is because the neural network always 
reports a location, even in wavefarms where no clear brainstem response is present. 
In the pilot study, peak amplitudes were determined relative to the DC-level in the 
waveform. Because this method appeared to be sensitive to changes in DC-level 
eaused by insufficient rejection of artifacts, in the main study peak amplitudes were 
determined relative to the line joining the two neighboring peaks in the waveform. 

The raw EEG reearcled for MLAEP averaging was also used for speetral analysis, 
which involved calculation of median, speetral edge and peak power frequencies, as 
well as calculation of percentages delta, theta, alpha and beta power. When 
interpreting the results from this speetral analysis, it should be kept in mind that the 
EEG was high-pass filtered at 5 Hz. This filtering was necessary to ensure the quality 
of the MLAEP waveforms. Because slow wave activity generally has larger 
amplitudes than fast activity the presence of slow wave activity requires a lower 
amplifying factor of the signal, to prevent overlaad of the amplifier. Because the AID 
converter used for digitizing the EEG has a limited resolution of 12 bits, lowering the 
amplification of the signal results in a poorer definition of the MLAEP eomponents, 
which generally have an amplitude in the order of magnitude of 1 pV. 

Because of this high-pass filtering at 5 Hz, the calculated speetral features will be 
higher than the values reported in the literature as being necessary for surgical 
anesthesia [Sehwilden et al., 1989; Vernon et al., 1992], especially for the median and 
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peak power frequency. Percentage delta power will be lower in our experiments. 
Although the filter removes a large part of the delta activity, we considered it valid to 
indude percentage delta power in the analysis, because the filter is not able to remove 
all delta activity. This allows for trends in delta power to be observed, but possibly 
affects the significanee of any changes in delta power, because these changes will be 
lessdear. 

Because the raw EEG used in the speetral analysis was recorded during auditory 
stimulation for MLAEP recording, the speetral analysis is in fact performed on the 
EEG signal with the evoked potential superimposed. However, the power in the 
evoked potential is at least one-hundred times smaller than the power in the 
spontaneous EEG. Therefore, we assumed that the power of the evoked potential can 
be ignored. A related point is that the spontaneous EEG may be influenced by the 
simultaneously presented auditory stimulation. To assess this influence, the EEG 
during auditory stimulation should be compared with the EEG when no auditory 
stimulation is presented. 

3.3.2 Long latency auditory evoked potentlals 

Long latency AEP's were recorded during an oddball taskin which two types of 
tones were presented to the patient with an interstimulus interval of 1044 msec. These 
tones were digitally stored tone bursts with a total duration of 100 msec, rise and fall 
times of 10 msec, and a loudness of 70 dB SpL. Eighty percent of the stimuli were 
"standard" 1-kHz tones, the remaining twenty percent were "deviant" 2-kHz tones. 
The number of stimuli presented was 200 during preoperative recordings, and 400 to 
600 for intraoperative recordings. The EEG used for averaging the LLAEP wa':eforms 
was measured from electrodes placed at positions Fz, Cz, Pz and two lateral positions 
CS and C6 (located between T3 and C3 and between T4 and C4, respectively; see 
Figure 3-1). A linked reference (A1+A2) was used. All signals were high-pass filtered 
at 0.15 Hz and low-pass filtered at 35Hz (-3 dB cut-off frequencie~;>) and subsequently 
digitized with a sampling frequency of 125 Hz and a resolution of 12 bits. 

To avoid large changes in baseline resulting from drift in the amplified EEG signal, 
baseline correction was used in averaging the LLAEP waveforms. This implies that 
for each trial that is to be included in the averaging process, a short interval preceding 
stimulus onset is selected as baseline. The DC-level of this baseline is shifted to 
provide equal baseline levels for all trials. Because a relatively low number of trials is 
used in averaging LLAEP waveforms, special care must be taken that no trials 
containing artifacts are induded in this averaging process. The criteria for detecting 
artifacts in the LLAEP recordings obtained in the experiments described in this thesis 
were the occurrence of spikes larger than 110 pV, drift in a single triall<J.rger than 80 
pV, or a difference in DC-level in successive 250-msec epochs larger than 60 pV. In 
addition, correction of artifacts resulting from eye movements was applied [Van den 
Berg-Lenssen et al., 1989] 

The determination of peaks in the obtained LLAEP waveforms was clone by using the 
maximum amplitude in a time window around the expected latency of a specific 
peak. The location of this time window for each peak was determined from the grand 
average LLAEP, that is, the LLAEP waveform obtained by averaging all obtained 
LLAEP waveforms. 
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3.3.3 lmplicit memory 

The conunon approach to investigate impHeit memory is to test for differences 
between groups of patients, as was already discussed in Chapter 2. One group of 
patients (the experimental group) is presented intraoperatively with words or 
sentences; another group (the control group) does not receive this materiaL When in a 
postoperalive implieit memory task patients in the experimental group are more 
biased towards intraoperatively presented material than the control group, then 
intraoperative processing and starage of information has been demonstrated. 

A disadvantage of this approach is that implicit memory can only be demonstrated in 
a group of patients that are subjected to the same intraoperative conditions. 
Obviously, measures for impHeit memory would be much stronger if it were possible 
to make a statement about impHeit memory in individual patients. In the study 
described in this thesis we attempted to use LLAEP' s for assessing impHeit memory 
in individual patients, using a variation on a study design by Allen et aL [1992]. 

Preoperatively, the patient was instructed to memorize five single-syllable words 
belonging to the same category (for example, "slang-vlieg-geit-beer-vis," which 
translates to "snake-fly-goat-bear-fish"). This memorization constituted the first 
leaming period. In a testing period that foliowed this learning period, these five 
words were intermixed with a number of words from several other categories and 
presented to the patient. The patient was instructed to press a button marked 'YES' 
when a word was recognized as being one of the memorized words, and to press a 
button marked 'NO' for all other words. During this test, LLAEP's andreaction times 
were recorded in response to the words, and were averaged for each category. The 
purpose of this test was to familiarize the patient with the test protocol, to obtain a 
baseline recording for recognition of words, and to check the memorization of the 
words. 

During two different periods of the eperation (the second and third learning period), 
five words from two new categories were repeatedly presented to the patient. 
Postoperatively, the word recognition test was repeated, in which all words from the 
first, second and third learning period were intermixed with a number of new words 
from several other categories (different from the words from the first testing period). 
Again, LLAEP's andreaction times were reearcled in response to the words, and were 
averaged for each category. The hypothesis underlying this test is that when the 
average response to the words that were presented intraoperatively differs from the 
average response to the new words, impHeit memory has been demonstrated for this 
individual patient. More details about this impHeit memory test can be found in a 
twin thesis by J.C. van Hooff. 

3.3.4 Equipment setup 

The setup of the equipment used in the experiments described in this thesis is 
schematically presented in Figure 3-7. A briefdescription of each of the blocks in this 
figure is given below. 
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Figure 3-7: Schematical setup of the equipment used in the experiments. The 
buttons were only used in the pre- and postoperative experiments. 

Nicolet and Nihon Kohden 

A combination of a Nicolet HGA-200A pre-amplifier and a Nicolet NIC-501A ampli
fier/filter (Nicolet Biomedical, Madison, Wisconsin) was used for bipolar recording 
of the raw EEG used for MLAEP averaging. After filtering as described in Section 
3.3.1, the EEG was digitized by the AID converter in the Personal Computer (PC). A 
Nihon Kohden (Nihon Kohden, Tokyo, Japan) electroencephalograph was used for 
unipolar recording of the raw EEG used for LLAEP averaging. After filtering as 
described in Section 3.3.2, the EEG was digitized by the A/D converter in the PC. 

Two different EEG amplifiers were used because no EEG amplifier was available that 
was equipped with differential amplifiers (necessary for bipolar recording of the 
MLAEP signals) which at the same time had sufficient channels available for the 
LLAEP recordings. 

Personal Computer (PC) 

, An IBM-compatible 486 PC was provided with a LabMaster (Scientific Solutions, 
Solon, Ohio) converter board for acquisition of the signals obtained from the Nihon 
Kohden and Nicolet EEG amplifiers, presentation of all auditory stimuli and reaction 
time measurements. 

The output of a timer I counter of the LabMaster board was used for triggering the 
Nicolet 1007 stimulus controller (Nicolet Biomedical, Madison, Wisconsin). This 
stimulus controller produced clicks and noise for the MLAEP recordings with the 
charaderistics described in Section 3.3.1. The tones presented to the patient for the 
auditory oddball task were produced by sending digitally stored tone bursts through 
the digital-to-analog (0/ A) converter of the LabMaster board. 

The words for the impHeit memory task were pre-recorded and digitized at 20 kHz 
with a resolution of 8 bits. The digitized words were presented to the patient through 
the DI A output of the LabMaster board. Each word was stored separately on the PC's 
hard-disk, and the order of presentation of the words was controlled through pre
compiled lists. The interstimulus interval during the testing phase varied between 
1850 and 2300 msec. 
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Buttons 

Two buttons (one marked 'YES' and one marked 'NO') were used for recording the 
subjeet's recognition of words during the testing phases of the impHeit memory task. 
The output signals of the buttons were connected to a timer input of the LabMaster 
board. This timer was started at each presentation of a word through the earphones, 
and pressing either one of the buttons stopped this timer. Befare presentation of the 
next word, the reaction time was read from the timer, the timer was reset, the output 
state of the buttons was checked to see which button had been pressed, and the 
·output states of both buttons were reset. 

Earphones 

The words for the preoperative learning phase were presented using Sony Silent-Cap 
earphones. The earphones used for presenting other auditory stimuli (clicks, tones 
and words intraoperatively) were Nicolet Tip-10 insert-type earphones. These 
earphones have the advantage that the electrical production of a click or tone takes 
place at a distance of 10 cm from the ear, because the sound is transmitted to the ear 
through a plastic tube. This prevents electrical interference from the earphones with 
the EEG. Although this way of presenting stimuli to the ear introduces a delay in the 
brainstem components this doesnotpose a problem, since we are mainly interested in 
changes in AEP components instead of absolute values. 
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Patients and anesthesia 

4.1 Patients 

We chose to study patients undergoing cardiac surgery for the experiments described 
in this thesis because this type of surgery poses an increased risk for awareness 
[Goldmann et al., 1987; Hug, 1993]. Two periods during cardiac surgery are especially 
critical with respect to the occurrence of awareness. The first critical period is during 
the intense surgical stimulus of sternotomy and sternal spread, especially in patients 
where light levels of anesthesia are used to avoid hypotension. The second high risk 
period is during the rewarming phase of hypothermie ,cardiopulmonary bypass 
(CPB). Traditionally, anesthetic concentrations have been reduced during this period 
to prevent myocardial depression during attempts at weaning the patient from the 
bypass pump [Russell, 1991]. 

An added advantage of studying patients during cardiac surgery is the extensive 
standardized monitoring, such as arterial blood pressure, blood temperature and 
pulmonary artery pressure, for this type of procedure. Recording of these variables 
may provide additional information on the state of the patient regarding depth of 
anesthesia. Another advantage of this type of surgery is the relatively long duration 
of the operation, which provides us with an adequate number of periods during 
which the EEG and AEP can be record ed. 

In- and exclusion criteria 

The following criteria were used to decide which patients were to be included in the 
study: 

• Only patients scheduled for coronary artery bypass grafting (CABG) or aortic 
valve replacement (A VR) were included in the study. Patients who had 
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undergone a CABG operation previously were not included in the study, because 
of the more complicated processof opening the sternum in these patients. 

• Patients were only included if they had good left ventricle function. Criteria to 
determine good left ventricle function were: 

• end diastolic pressure < 18 mmHg 
• ejection fraction > 35% 
• no main stenosis larger than 80% 
• no aneurysm of the left ventricle 
• normalleft ventride contractions. 

• Patients older than 75 were not induded in the study. 

• Patients with a history of cerebro vascular accidents and patients reporting severe 
hearing loss were not included in the study. 

• Patients should have Dutch as their first language. The reason to use this criterion 
was the impHeit memory test to be performed, as described in Chapter 3. 

The criterion for good left ventride function and the age criterion were used to select 
those patients for which a rapid postoperative recovery was to be expected. This was 
clone because an impHeit memory test (as described in Chapter 3) was to be 
performed postoperatively, which required active participation from the patient. 

4.2 Anesthetlc technlque 

Total intravenous anesthesia is becoming more and more an important type of 
anesthesia, especially in Europe. This type of anesthesia has several favorable 
characteristics: 

• High specificity. A highly specific drug allows separate manipulation of one aspect 
of anesthesia. For example, a purely analgesie drug would make it possible to 
change the level of analgesia without affecting the level of consciousness. 

• Lack of side effects. With the newer intravenous drugs, the difference between an 
effective close and a close that causes significant side effects has been greatly 
increased. In other words, the therapeutic window for these drugs is relatively 
large. 

• Fast onset and jast distribution and elimination. This guarantees that a change in 
dosage becomes effective very quickly, and that the effects of a drug decline 
rapidly once the infusion is slowed down or stopped. 

• No pollution of the operating theater. With the use of inhalational anesthetics there is 
always a risk of pollution of the operating theater with trace amounts of 
anesthetic gases. 

Propofol infusion has been described as a good hypnotic [Steegers and Foster, 1988; 
Sebel and Lowdon, 1989]. Alfentanil is a highly specific agonist of opiate receptorsin 
the central nervous system. Besides being a powerful analgesie it also possesses 
sedative properties. The only significant side effect reported with alfentanil is 
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respiratory depression [Ausems et al., 1986], which is of little clinical significanee in 
situations where mechanica! ventilation is used for the duration of the anesthesia. The 
combination of propofol and alfentanil for general anesthesia has been described 
before [Kay, 1986; Steegers and Foster, 1988]. Although the interaction between 
propofol and alfentanil has been reported to be supra-additive [Vuyk et al., 1993], this 
technique allows separate control of unconsciousness and analgesia to a high degree. 

The use of total intravenous anesthesia for cardiac surgery is gaining popularity. The 
main considerations for choosing this technique in cardiac surgery are [Russell, 1991]: 

• prevention of myocardial ischemia; 
• reducing the requirement for postoperative respiratory support; 
• the ability to control the balance between adequate proteetion from 

stemotomy and prevention of myocardial depression. 

The anesthetic technique used in the experiments described in this thesis is 
summarized in Table 4-1. The use of benzodiazepine premedication was avoided, 
because benzodiazepines have been reported to have amnesie effects [Samra et al., 
1988; Ghoneim and Mewaldt, 1990] which would influence the results of the impHeit 
memory test as described in Chapter 3. 

Table 4-1: Anesthetic technique. 

induction (in 12 minutes) 
next 1 0 minutes 
next 1 0 minutes 
maintenance-

time [minutes] 

Q-11 
12-21 
22-31 
>31 

propofol 

2 mg/kg 
8 mg/kg/hr 
6 mg/kg/hr 
4 mg/kglhr 

alfentani I 

100 IJQ/kg 
41Jglkg/min 
31Jglkg/min 
21Jglkg/min 

Premedicatien with morphine 10 mg subcutaneous (s.c.). At induction calcium 1000 mg is 
added to the intraveneus infusion. At induction and at onset of cardiopulmonary bypass, 
pancuronium 8 mg is given. lncreases in blood pressure are treated with nitroglycerin or 
ketensine; decreases, with administration of intraveneus fluids, calcium, or inotropic drugs. 
In the latter case the infusion rate of propotel will be decreased. 

The increased attention for intravenous anesthetic drugs has resulted in a large 
number of studies being carried out to investigate the pharmacokinetic and 
pharmacodynamic properties of these drugs. Using the results of such studies, it 
becomes possible to predict the drug concentrations and effects resulting from 
different dosages of anesthetics. 

4.2.1 Prediction of effect 

Predicting the effect of a bolus or infusion of intravenous anesthetics is done in two 
steps. In the first step the predicted blood concentrations of the anesthetics are 
calculated. We will comeback to this in the next section. In the second step, the effects 
of the administered anesthetics are predicted from the calculated concentrations using 
pharmacodynamic models. Such models are often based on a sigmoid curve, 
representing the concentration-effect relationship of a given drug. A genetic form of 
such a relationship is 

(4-1) 
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At low concentrations C of the drug the effect E will be very small. At high 
concentrations, the effect will reach a maximum Em .. · Further increases in drug 
concentration will not cause an additional increase in effect. The drug concentration at 
which the effect is 50% of the maximum effect is represented by the constant C50• The 
variabie y is a measure for the slope of the concentration-effect relationship. In Figure 
4-1 the dose-effect curves for propofol and alfentanil are illustrated. The curve for 
propofol represents a hypnotic effect, whlch is modeled as 

cno 
---::-=--::-::-::-x 100% (4 2) 
2.182.so + c2.so -

For alfentanil, the upper dotted curve represents the respiratory depressive effect, the 
solid curve represents the main analgesie effect, and the lower dotted curve 
represents a secondary sedative effect. The main analgesie effect is modeled as 

cz.oo 
---::--::-,:--~-=-x 100% tso2oo + c2oo (4-3) 

C50 is assumed to be 75 ng/ml for the respiratory effect and 300 ng/ml for the 
secondary sedative effect. These values are based on average pharmacodynamic data 
obtained from several studies [Schüttler and Kloos, 1991]. 

Besides C50 and y, an important concept in pharmacodynamics is the therapeutic 
window of a drug. This is the range of drug concentrations that is clinically useful. 
This range is assumed to be 1.5-3.0 pg/ml for propofol and 100-500 ng/ml for 
alfentanil [Schüttler and Kloos, 199l], as indicated with dashed lines in Figure 4-1. 
Lower concentrations have no dinically significant effects, while above these ranges 
unfavorable side effects may occur. 

Effect(%) 

•oor-----------~==~~====, 

10 

Effect concelltration (pg/ml) 

400 600 800 1,000 

Effect concentration (ng/ml) 

Figure 4-1: Dose-effect curves for propofol (left) and alfentanil (right). Solid lines: 
main effects; dotted lines: secondary effects; dashed lines: therapeutic window. 

4.2.2 Prediction of drug concentrations 

The infusion scheme we arrived at, as presented before in Table is a variation of 
the scheme proposed by Roberts et al. [1988]. The Roberts scheme was designed to 
reach a steady state effect concentration for propofol of 3pg/ml as quickly as possible 
without overshoot. Preventing overshoot is especially important when using 
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propofol, because this anesthetic may have adverse hemodynamic effects when the 
drug concentration becomes too high. 

In our infusion scheme we aimed at reaching an effect concentration of l.Spg/ml for 
propofol (corresponding to the lower border of the therapeutic window), and an 
effect concentration of 300 ng/ml for alfentanil (corresponding to the middle of the 
therapeutic window). This modification was effectuated by using no loading dose, by 
proionging the first step in the infusion scheme from 10 to 12 minutes, and by using 
an additional step to reach a lower maintenance rate. 

A commonly used model for predicting drug concentrations after administering a 
bolus or infusion of an intravenous anesthetic is the multiple compartrnent model. In 
such a model, different types of body tissue with different pharmacokinetic properties 
are modeled with different compartrnents, as indicated in Figure 4-2. The central 
compartrnent (1) models the blood and well-perfused organ tissues. The peripheral 
compartrnent (2) models all other tissues. The effect compartrnent (3) models the 
buildup of anesthetics, which results in a delay of the anesthetic effect. This means 
that increasing drug concentrations will produce a different dose effect curve than 
decreasing drug concentrations, because in the latter case, the built-up anesthetics will 
be transferred back into the central compartment. Measurements of plasma 
concentrations in blood samples are assumed to reflect concentrations in the central 
compartrnent. 

The amount of drug in each compartment M1 to M, is equal to the product of the drug 
concentration (C1 to C3) in that compartrnent and the apparent compartrnent volume 
(V1 to V3). The apparent compartrnent volumes are assumed to be proportional to 
body weight. The transfer constants k12, ~1, k13 and 1<,.1 describe the exchange of drugs 
between the central compartrnent and the other compartrnents. Elimination of drugs 
occurs only from the central compartment. The transfer constant k.1 describes the rate 
of this elimination. 

1 kl2 2 

k21 M2=:V2*C2 
Bolus 

or Ml=Vl*Cl k13 
In fusion -- -- __ ..,. 3 

k31 M3=V3*C3 
i.oo-----

kel 

: Elimination I 

Figure 4-2: A three-compartment model with drug adrninistration into the central 
cornpartrnent. 

The resulting blood and effect concentrations were predicted for the infusion scheme 
of propofol and alfentanil as described in Table 4-1 using a three-compartrnent model. 
These predictions are independent of the patient's body weight, because the infusion 
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rates are chosen proportional to the patient's body weight. The pharmacokinetic data 
came from average pharmacodynamic data, obtained from several studies [Schüttler 
and Kloos, 1991]. The predicted blood and effect concentrations for propofol and 
alfentanil are presented in Figure 4-3. The delay between the blood and effect 
concentrations can he clearly seen in the predictions for propofol. For alfentanil, this 
influence of the effect compartment is much smaller. In this figure we can also see that 
the concentrations reached after a 1 hour infusion are not steady state concentrations. 
However, the onset of cardiopulmonary bypass at (on average) approximately 1 hour 
after start of anesthesia will result in a drop in plasma concentrations due to 
hemodilution in the bypass circuit. Therefore, we made no further modifications to 
the infusion scheme as presented in Table 4-1. 
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Figure 4-3: Infusion rates (dashed lines) and predictions for blood levels (dotted 
lines) and effect concentrations ( solid lines) for propofol (lejt) and aifentanil ( right). 

4.2.3 Accuracy of predictions 

There are several factors that affect the accuracy of the predictions as presented here. 

• Accuracy of the pharmacokinetic and pharmacodynamic models. The values we used in 
the predictions for the transfer constants, apparent campartment volumes, C50 

concentrations and y were based on average pharmacokinetic and pharmaco
dynamic data, obtained from several studies [Schüttler and Kloos, 1991]. Such 
data do not account for differences between patients, and it is undear how well 
the subject population in which these data were established corresponds to the 
particular patient population in our experiments. In addition, these data did not 
take into account the effect of cardiac restrietion on the pharmacokinetic models, 
an aspect that will undoubtedly he of influence in our experiments. 

• Changes in blood volume. In the predictions we did not take the administration of 
fluids to the patient into account, nor did we account for blood loss. Especially 
during cardiopulmonary bypass, when the blood of the patient is being mixed 
with the fluids in the bypass pump, these predictions will be grossly inaccurate 
[Woodcock et a~., 1993]. 

• Changes in metabolic rate. Durit1g cardiopulmonary bypass the metabolism of the 
patient will change, for example, due to changes in body temperature. This will 
affect the elimination rates as used in the models. 
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Despite these limitations, knowledge of the pharmacokinetic and pharmacodynamic 
properties of the anesthetics to be employed can be very useful, because predictions 
such as presented here may help to understand the effects to be expected from a given 
infusion scheme. In the experiments described in this thesis, blood samples were 
drawn at various moments during anesthesia. This enabled us not only to study the 
correlation of the obtained AEP and EEG measures with propofol and alfentanil 
plasma concentrations, as will be discussed in Chapter 8, but also to adjust the 
anesthetic protocol for the main study if the measurements of propofol and alfentanil 
concentrations in the pilot study did not agree with our predictions. 

4.3 Plasma concentrations of the administered anesthetics 

At various moments during anesthesia, 10 ml arterial blood samples were drawn into 
a potassium oxalate tube and stored on ice. After completion of surgery each sample 
was split into two parts of 5 ml each, one for propofol assay and one for alfentanil 
assay. The serum was separated by centrifugation and stored at -20 oe until further 
processing as described below. 

4.3.1 

Propofol plasma concentrations were determined using high performance liquid 
chromatography (HPLC) with fluorometric detection. 

Chemieals and reagents 

Propofol was kindly supplied by Zeneca Farma (Ridderkerk, The Netherlands). 
Ethanol (Merck, Darmstadt, Germany), thymol (Sigma chemicals, Axel, The 
Netherlands), trifluoroacetic acid (Merck, Darmstadt, Germany) and acetonitril (JT 
Baker, Deventer, The Netherlands) were of analytica! grade. Water was purified by 
osmosis and distillation. The samples were eluted with a mixture of 70% acetonitril 
and 30% water. Per liter of this mixture 0.1 ml trifluoroacetic acid was added. The 
solution was filtered through a Millipore filter (0.45 pm) and degassed before use. 
Stock solutions of the intemal standard thymol (3pg/ml) and of propofol (10 pg/ml) 
were prepared in ethanol and stored at -20 oe. 
Apparatus 

The HPLC system consisted of Beekman instruments (Beckman, Mijdrecht, The 
Netherlands): a System Gold 507 autosampler with 100 p.L injector loop, a llOB 
Solvent delivery module, a 157 fluorescence detector and an IBM PS/2 55SX computer 
with System Gold chromatography software version 7.11. The column was a Shandon 
Nucleosil 5p C18 (inner dimensions 150 x 4.6 nm), equipped with a HlCHROM 3p. 
C18 H30DS guard column (Applied Science Group, Emmen, The Netherlands). The 
elution was carried out at a flow rate of 1 mi/min. The column effluent was 
quantified with an excitation filter > 280 nm (Gilson medical France, GI 095628) and 
an emission wavelength filter 305-395 nm (Gilson medica} France, GI 095312). The 
retention times for thymol and propofol were 3.7 and 5.3 minutes respectively. 
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Extraction procedure 

A mixture was made by adding 100 pi of ethanol, 100 pi of thymol stock solution and 
500 pl of acetonitril to 200 pi of serum. This mixture was vortex-mixed for 3 minutes 
and centrifuged at 2,000 g for 3 minutes, and then 100 pl of the organic phase was 
injected. An 8 point calibration curve was prepared by spiking propofol-free serum 
with the propofol stock solution (0.25 to 4pg/ml) and processing the spiked samples 
as described above. Calibration curves were always linear in the tested range (r>0.99). 
The limit of quantification, defined as the plasma concentration corresponding to an 
SIN ratio ;;::;: 5, was 50 ng/ml (n=5). The inter-assay precision was evaluated by 
analyzing aliquots of spiked serum on 5 separate days over a period of one month. 
The coefficients of inter-assay varlation were 3% at 1 pg/ml (accuracy 97%), 4% at 2 
pg/ml (accuracy 97%), 6% at 3 pg/ml (accuracy 99%) and 7% at 4 pg/ml (accuracy 
96%). 

4.3.2 Alfentanil 

Alfentanil serum levels were quantified by a validated radioimmuno assay [Michiels 
et al., 1983] at the Pharmacokinetics Labaratory of the Janssen Research Foundation, 
Beerse (Head of the department: dr R. Woestenborghs). The coefficients of inter-assay 
variation were 7.9% at 46.7 ng/ml, 1.2% at 292 ng/ml and 10.0% at 1459 ng/ml. 
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Acquisition of anesthesia-related data 

5.1 Recording of physiological data 

When studying depth of anesthesia it is very important to take into account the 
physiological data that the anesthesiologist has available to evaluate the state of the 
patient. A possible monitor for depth of anesthesia should at least provide more. 
information on the state of the patient than is conventionally available to the 
anesthesiologist. Therefore it is important to record all such data in order to campare 
the information content of conventionally available data with the information content 
of a proposed anesthetic depth monitor. 

Another reason for monitoring physiological data from the patient is that the EEG 
and the auditory evoked potential may he affected by changes in patient state that are 
not directly related to depth of anesthesia. An example of this is the effect of body 
temperature on the AEP: a decrease in body temperature by 1 oe may result in an 
increase of peak V latency by 0.16-0.20 msec [Spehlmann, 1985; Stockard et al., 1978a] 
and in an increase in latency of middle latency peaks by 1-2 msec [Kileny et al., 1983]. 
An increase in body temperature by 1.5 oe may decrease the latency of peak V by 0.2 
msec [Bridger and Graham, 1985], although mild hyperthermia (less than 2 oq was 
shown to have no effect on EEG speetral features [Lopez et al., 1993]. Therefore, it is 
very important to control such factors or, ifcontrol is not possible, to he a ware of such 
changes. This creates the possibility of retrospective examination of the reliability and 
accuracy of the registered EEG and AEP data. In order to he able to do this, a system 
was developed to obtain all relevant physiological data from the patient during 
anesthesia. In this section it will he discussed which data was considered to be 
relevant and why, and a description of the implementation of the system will he 
given. 
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5.1.1 Relevant physiological data 

The following data are considered to be relevant in evaluating depth of anesthesia by 
the anesthesiologist and/ or in evaluating the reliability of the EEG and AEP: 

• Blood pressure and heart rate. An increase in blood pressure or in heart rate is often 
an indication for the anesthesiologist that the patient is in pain [Cullen et al., 1972; 
Evans, 1987; Thomas and Rundman, 1988]. Mean, systolic and diastolic arterial 
blood pressures were recorded in our experiments. During cardiopulmonary 
bypass, only mean arterial pressure was available. Heart rate was available from 
the electracardiogram (ECG) and from the arterial blood pressure curve. Both 
readings were used, because heart rate obtained from the ECG may be disturbed 
by electrosurgery, while heart rate obtained from the arterial blood pressure 
curve may be disturbed by the occasional drawing of arterial blood samples. 

• Body temperature. As mentioned before, a decreasein body temperature affects the 
latendes of peaks in the auditory evoked potential. A decrease in body 
temperature also causes a general slowing of the EEG and a decrease in EEG 
amplitude [Levy, 1984b]. The recorded temperatures in our studies were central 
blood temperature as measured through the Swan-Ganz catheter and reetal 
temperature (in the pilot study) or nasopharyngeal temperature (in the main 
study). The reason we did not record both reetal and nasopharyngeal 
temperatures was that this was not possible using the data acquisition system as 
described in the next section. In the main study the nasopharyngeal temperature 
was used because this temperature gives a better indication of brain temperature. 

• Brain perfusion. A decrease in perfusion of the brain may cause increased latendes 
and smaller amplitudes of the peaks in the AEP. A decrease in brain perfusion 
also affects the EEG [Sharbrough et al., 1973; Pronk, 1986; Chiappa, 1987]. Because 
brain perfusion cannot be measured directly, we recorded oxygen saturation 
(using pulse oximetry) in our experiments. 

• Pulmonary artery pressure and central venous pressure. Although these values are not 
directly necessary to evaluate depthof anesthesia, they do give an indication of 
the hemadynamie state of the patient. Because pulmonary arterial pressure and 
central venous pressure were available through the Swan-Ganz catheter, they 
were also recorded in our experiments. 

The interval with which these data should be recorded must allow the fastest changes 
possible in the monitored variables to be tracked [Gravenstein et al., 1989]. In the pilot 
study we used a sampling interval of 5*1,024=5,120 msec and in the main study a 
sampling interval of 10*1,204=10,240 msec was used. 

5.1.2 The HP Careplane interface 

The patients that werè studied were routinely monitored during anesthesia using a 
Hewlett Packard (HP) bedside monitor model 78353A. This monitor, present in each 
operating room, is connected to the HP Serial Distribution Network (SDN). The SDN 
is a medicallocal area network designed to share physiological and other patient data 
among bedside monitors, patient information centers, computer systems and other 
information systems connected to the network. The SDN operates automatically 
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without user interaction and without direct patient connections. Patient data from 
each connected instrument is transmitted to the SDN at regular intervals, where it is 
available toother information systems on the SDN. 

In our study the communication with this network was achieved using the HP 
78360A Careplane interface. This is an interface board that can be plugged into a 
Personal Computer (PC) to enable communication between this PC and the SDN. 
Careplane can acquire patient data from any of the information sourees linked to the 
SDN and then store this data in a segment of the host PC memory. This segment of PC 
memory is allocated by the user, and access to it is shared by both Careplane and the 
PC. Once the raw patient data is stored into this "shared memory" it is available for 
further processing. A more detailed description of how to use the Careplane interface 
board is given in the Careplane Installation and Programming Guide [Hewlett 
Packard, 1988]. Details on programming the Careplane interface board were 
described by Habets [1992]. 

Careplane general description 

The general layout of Careplane can be described in four blocks, as presented in 
Figure 5-1. The task of each block is as follows: 

• Transceiver circuitry. Serial data are transmitted between the SDN bus and 
Careplane's transceiver circuitry. This circuitry and the SDN interface circuitry 
(SIC) chip work together to ensure that Careplane receives and broadcasts data at 
the correct time and that it supplies the proper voltage levels. This drcuitry also 
automatically controls Careplane's relays according to its location on the SDN 
branch. 

• SIC chip. The primary function of this chip is totranslate the encoded serial SDN 
data into decoded parallel data that is readable by Careplane's 68000 
microprocessor (pP). 

• ~JP interface. This interface consists of buffer memory located between the SIC chip 
and the 68000 pP. The SIC chip and the pP interface work together to selectively 
read in data from the SDN and store that data until it can be read by the 68000 pP. 

• 68000 ~JP. This microprocessor performs the communication between the PC's 
shared memory and Careplane. · 
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described in the text. 
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Careplane messages 

There are two types of Careplane messages: requests and responses. Requests are sent 
from the host PC to Careplane to instruct Careplane to acquire a certain type of data 
from the SDN or to report on the status of Careplane itself. Responses are sent from 
Careplane to the host PC in response to a request from the host PC. Responses may 
contain acknowledgments of receipt of a request, or they may contain data acquired 
from the SDN network. 

Careplane messages are of variabie length. The first byte of a message contains a 
value to identify the type of message. For each type of message the length and 
structure of the message are fixed. The only exception to this is the "logica} souree 
data message," which consists of a header of fixed length followed by a variabie 
number of variabie length elements. The first byte of each of these elements contains 
either the value '0' to indicate that this is the last element, or a value indicating the 
length of this element. This way of encoding data messages provides a flexible way of 
handling bath large and small amounts of data. 

Careplane data types 

Four types of data on the SDN are available through Careplane: 

• Parameter data. This includes data such as heart rate, temperature and pressure 
values. This type of data is updated on the network every system cycle, which is 
equal to 1,024 ms. The parameter value message, which is an element of the 
previously mentioned logica! souree data message, contains the binary values for 
all data being monitored actively by a bedside monitor. For each parameter a 
parameter support data message is also available that contains the actual text in 
ASCII being displayed on the monitor. For example, in our study, this message 
can contain "ABD" for the Dutch 11 arteriële bloeddruk" instead of 11 ABP" for 
llarterial blood pressure." The actual values of mean, systolic and diastolic 
pressures are also included in this message. 

• Wave data. The actual curves displayed on the monitor, such as the ECG or 
pressure curves, can be accessed through wave value messages. For each type of 
wave data, a wave support data message is also available that contains the 
calibration and scale information for the corresponding curve. The ECG is 
sampled at 500 Hz, and is also available down-sampled to 125 Hz. All other wave 
data is sampled at 125 Hz. 

• Alert data. This type of data can be used to obtain information on alarms or 'inop' 
(inoperative) situations. An 'inop' situation occurs, for example, when an 
electrode is nat connected to the monitor. 

• Status data. Each instrument on the SDN braadcasts an instrument status message 
every system cycle (1,024 ms). This includes information such as time of day on 
that instrument, the bed label (which corresponds to the number of the operating 
room in our situation) and the patient name, if this has been entered into the 
instrument. 
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Logical sourees 

To obtain data from the SDN through Careplane, the user can define virtual connee
tions between the various data sourees on the SDN and the host PC. These 
connections are called "logkal sources." Each logkal souree allows the user to specify 
whkh data on the SDN is of interest. For example, a logkal souree may be defined to 
obtain all parameter data on the network for logkal beds 1 through 6. Another logkal 
souree may be set up to obtain alarm data generated by beds 10 through 24, etc. 

For each logkal souree the user must define in which mode data should be acquired 
for that logical souree. Three possible modes are available: 

• Poll mode. In this mode, Careplane will send the most reeently received data from 
the SDN to the host PC whenever the host PC sends a request for data from this 
logkal souree to Careplane. 

• Scheduled mode. With this mode, the user must specify in advance how often and 
for how long Careplane should send data from this logkal souree to the host PC. 
The period of seheduling ean also be specified to be indefini te. 

• Continuous mode. This mode allows the user to acquire all data available from a 
logkal souree from the moment of activatien to the moment of suspension of the 
logkal source. This mode must be used to obtain wave data. 

In our setup we defined a logkal souree for the bedside monitor in the eperating 
room of interest. This logkal souree was used in scheduled mode to obtain all 
parameter values from this bedside monitor for an indefinite period, with a sehedule 
period of 5 system cycles in the pilotstudy, and a schedule period of 10 system cycles 
in the main study. This means that every 5*1,024=5,120 msec or 10*1,024 = 10,240 
msec all most recent parameter values were acquired (for the parameters made 
available on the SDN by the monitor), until the logkal souree was disconnected. 

A portion of the host PC's memory is allocated as "shared memory," whkh enables 
communication between the PC and Careplane. Careplane can aeeess this shared 
memory through Direct Memory Access (DMA). The shared memory is organized in 
such a way as to provide two communication channels. One channel is used for trans
mission of requests from the host PC to Careplane, the other is used for transmission 
of responses and data from Careplane to the host PC. 

Shared memory 

The shared memory consists of three bloeks: the shared memory control block, the 
receive buffer and the transmit buffer. For each buffer, access and status of the buffer 
is controlled by a number of variables in the control block. These variables include the 
size of the buffer, the starting address of the buffer, the number of words currently 
existing in the buffer, the position of the first word in the buffer, the position of the 
first free space in the buffer and a so-called semaphore. The function of this 
semaphore will be explained below. 

Both the receive and transmit buffers are circular buffers. This means that when the 
end of a buffer is reaehed, reading and writing of data is continued at the beginning 
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of the buffer. Therefore the user should ensure that not too many commands are writ
ten at once into the transmit buffer, and that messages from Careplane in the receive 
buffer are read frequently, to avoid unread data being overwritten by new data. 

Semaphores 

Because both Careplane and the host PC can simultaneously read and write the 
shared memory, care should betaken in handling this shared memory. Consider the 
following example of what may go wrong in such a situation: 

If the receive channel is partially filled when the host PC reads from 
it, and Careplane writes to the receive channel at the same time, then 
both may read the same 'rcount' (the number of words existing in the 
receive buffer), which is still valid at that moment. Careplane will 
increase the value for 'rcount' after writing in the receive channel, 
while the host PC will decrease the value for 'rcount' after reading 
from the receive channel. Either Careplane or the host PC can write a 
new value for 'rcount,' but this new value will always be false, 
regardless of whether it was written by Careplane or by the host PC. 

To solve this problem, critica} sections must be defined which can be accessed by only 
one processor at a time. Access to both the receive and the transmit channel should be 
programmed as critica! sections. This is implemented by using so-called semaphores. 

Before entering the critical section, the process (either Careplane or the host PC) must 
test the semaphore. If the semaphore is cleared, the process must set the semaphore, 
perform the critica} action, and finally clear the semaphore. If the semaphore is 
already set by the other process, the process should wait until the other process has 
cleared the semaphore again. 

It is essential that the testing and setting of the semaphore should be performed in 
one indivisible processor instruction. Otherwise it would be possible for both 
processors to simultaneously read the semaphore and enter the critica! section 
simultaneously. In our application this was solved by using the XCHG command, 
which can exchange the value of the semaphore with the 'set' value in one processor 
instruction. 

5.2 Event recording 

In addition to recording the physiological data from the patient, it is also important to 
keep track of events such as incision, initiation and discontinuation of cardio
pulmonary bypass, and the exact moments at which blood samples were drawn. The 
reasons to record this type of data are the same as .mentioned in the previous section: 
this data may give additional information to the anesthesiologist about the state of the 
patient and depth of anesthesia, and registration of all possibly relevant events 
provides a possibility for retrospective evaluation of the reliability and accuracy of the 
recorded EEG and AEP. 

In this section we will briefly describe the system developed for recording of events 
and related information. This information, together with the data collected from the 
patient monitor and information on the recording of the EEG and AEP' s, was stored 
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off-line in a database specifically designed for this purpose [Theisen et al., 1986; 
Pfaffenhöfer et al., 1990; Kuipers, 1990]. The advantage of implementing this event 
recording system on a Personal Computer instead of using paper and pencil is that it 
provides an opportunity for checking the consistency and completeness of the 
information at the time of entry. This greatly improves the quality and completeness 
of the data present in the database. 

In combination with the system for data acquisition described in the previous section, 
the system described in this section provides a basis for automated anesthesia record 
keeping. However, the system only included records relevant for this study and was 
not intended to be comprehensive. For example, the available lists of possible 
medication did not indude those types of medication that were not included in the 
study protocol. For the anesthesiologist, however, all medication used is of impor
tance. On the other hand, the occurrence of artifacts, for example caused by electro
surgery, is very important in our system, while this information is of little importance 
to the anesthesiologist. 

5.2.1 Relevant events 

The events to be implemented in our system were grouped into several categories. 
For each category, theevents belonging to that category and information concerning 
the event category that was considered to be relevant will be described. For all events 
the possibility was created to enter a comment pertaining to the event. The list of 
events presented here is not exhaustive; it is only meant as an indication of the type of 
anesthesia- and surgery-related information that was collected in our studies. 

Progress of surgery 

Wormation concerning this type of event that was considered to be relevant was the 
time at which the event occurred and the time at which the event was entered into the 
system. This category included, but was not limited to, the following events: 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
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start of anesthesia 
intubation 
placement of Swan-Ganz catheter 
first incision of thorax/leg 
sternotomy 
cannulation of aorta, inferior/superior vena cava and left ventride 
onset of cardiopulmonary bypass 
discontinuation of mechanica! ventilation 
cardiop legia 
aorta damping 
aorta declamping 
start of mechanica} ventilation 
discontinuation of cardiopulmonary bypass 
decannulation of aorta, inferior I superior vena ca va and left ventricle 
dosure of sternum 
dosure of wound 
end of surgery 



• drawing of blood sample 

Administration of medication 

Here we considered three types of medication: 

Anesthesia-related data 

• Continuous administration. For this type of medication the time of start of 
infusion and the infusion rate, or the time of change to a new infusion rate 
and this new infusion ra te were registered. For infusion rates in volume units, 
the concentration also had to be entered. 

• Intermiltent administration. For this type of medication we registered the time 
of administration and the amount administered. For amounts given in 
volume units, the concentration also had to be entered. 

• Gases. Here we registered the time of start of administration of a gas and the 
inspired concentration. Settings of the ventilator, for example, inspired 02 
concentration, inspired minute volume, and the number of breaths per 
minute, could be entered separately. 

The time at which the information was entered into the system was also registered for 
all types of medication. 

Occurrence of events possibly affecting EEG and/or AEP recording 

Events in this category constitute possible sourees of artifact in the EEG, AEP and/or 
physiological data recordings. Wormation concerning this type of event that was 
considered toberelevant was the moment at which theevent occurred and the time at 
which the event was entered into the system. Events included in this category were: 

• use of electrosurgery 
• positioning of the patient 
• transducer calibration 

• rnains interference 
• eye blinks 
• ECG artifacts in the EEG 

• electrode not connected 

• earphone not connected 
• adjustment of operating table 
• drawing of blood sample 

Drawing a blood sample was considered to be both an event and a possible cause of 
artifact. Because the exact time of the drawing of a blood sample was relevant with 
respect to the analysis of anesthetic concentration, it was considered to be an event. 
However, the actual drawing of the blood sample from the arterial Hne makes the 
arterial pressure recordings invalid. Therefore, it was also considered to be a possible 
cause of artifact. 

Fluid balance 

For each of the following events the amount of fluids, the time of occurrence and the 
time at which the event was entered were registered. The events included in this 
category were: 
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• blood and/ or plasma IN 
• clear fluids IN 
• crystalline fluids IN 
• bloodOUT 
• urineOUT 
• stomach fluids OUT 

Although a time was also registered with these events, the timing of the total fluid 
balance will be very inaccurate. The main reason for this is that parts of the fluid 
balance can only be assessed cumulatively at the end of the operation. An example of 
this is the amount of blood loss, which is measured by weighing the gauzes at the end 
of the operation and by measuring the amount of blood collected by suction from the 
area of surgery. 

Lab results 

At several moments during the operation a blood sample was taken for immediate 
analysîs by the hospita! Iabaratory for blood gases, hematocrite, etc. The results of 
these analyses (values and units) could be entered into the system, tagether with the 
time at which the blood sample was drawn and the time at which the event was 
entered into the system. 

Free comment 

In addition to the event categodes mentioned before, a possibility was created to enter 
free comments tagether with a time stamp. This way it is always possible to enter 
information that cannot be entered elsewhere. This event type was mainly used to 
enter medication that was not included in the predefined medication list, to camment 
on the occurrence of damping in the arterial blood pressure registration, or to 
camment on the course of the operation or the measurements in generaL 

5.2.2 lmplementation 

The system for event recording described herewas implemented as part of the system 
described in Section 5.1. Because the acquisition of physiological data must not be 
interrupted when events are entered into the system,· the entire system was built 
around a multiprocessing kemel developed earlier [Cluitmans, 1990]. 

' The main menu of the system reflected the event categories as described before. Eptry 
of an event for a specific category was clone by choosing that menu item, and then 
selecting a specific event from the event list presented. A disadvantage of this 
construction is that the user has to knowin advance to which category a specific event 
belongs to be able to find it in the menu structure. However, presenting the user with 
one list of all events is even less efficient because of the large number of possible 
events. A possible way of helping the user navigate through the different event 
categories is by choosing unambiguous narnes for the event categories. Another 
possibility would be to provide keyboard short-cuts for often used events. This was 
only implemented forentering event markers, as described below. 
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Recording of event time and en try time 

It is important to register for each event the time at which the event occurred. To 
ensure that all time information was entered with reference to the same doek, the 
system doek of the PC was used. When starting the program, the user was prompted 
to synchronize this doek with the SDN doek. 

Because it will not always be possible to enter an event at the moment it occurs, two 
times were registered. These two times were the time at which the event was entered 
into the system, which was registered automatically, and the time at which the event 
actually occurred, according to the experimenter or the anesthesiologist. By default, 
the time of actual occurrence was set to beidenticalto the time of event entry, and if 
necessary the user could adjust this time. 

Events ordered in time 

There are a number of events for which it is known beförehand that they will occur in 
a certain order. This is especially true for events related to the progressof surgery. An 
example is the occurrence of stemotomy, which can never preeede incision. This type 
of a priori knowledge may be used for checking the consistency of entered 
information, but it may also be used to speed up entry for this type of event. In our 
system, whenever the user wanted toenter an eventof type "progress of surgery," the 
cursor was automatically placed after the last entered event of this type. All events of 
this type that had already been entered were marked by changing the menu text for 
these events from lower case to upper case, to give feedback to the user about the 
information already present in the system. 

Correction of previously entered information 

A provision was made in the system to correct previously entered information. 
However, to prevent lossof information the previously entered information was not 
deleted, but saved with an annotation that a correction had been made. All fields of 
an event (for example time of occurrence, amounts in the case of administration of 
anesthetics, etc.) could be corrected. For each event, the last occurrence entered could 
be corrected. If, for example, two boluses of propofol were recorded in the system, 
then the last one could be corrected. If one bolus of propofol and one bolus of 
alfentanil were recorded in the system, then both could be corrected. 

Administration of anesthetics 

The units used by the anesthesiologist for specifying the amounts of administered 
anesthetics may vary for the different anesthetics used. Some intravenous drugs are 
commonly specified in ml, while others are commonly specified in mg. To prevent 
confusion over the entered amounts, we supported both units for recording amounts 
of administered anesthetics in the system. For commonly used anesthetics that were 
always entered in ml or ml/hr with a standard concentration, this concentration was 
known to the system. For other medication, the user was prompted to enter the 
concentration at the first entry of an amount in m1 or ml/hr. 

The system kept track of cumulative dosages for all medication recorded in the 
system. For medication that could be entered both as an infusion and as a bolus, the 
cumulative dosages for each type of administration were added to give a true 
cumulative dosage for that medication. The correction of previously entered 
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information as described before was implemented in such a way that calculation of 
cumulative dosage was automatically corrected also. 

Event markers 

The experimenter or anesthesiologist does not always have time to promptly enter the 
occurrence of an event into the system. Without special provisions this may result in 
either events not being entered into the system or inaccuracies in the timing of 
entered information when an event was entered later. Therefore, the system provided 
so-called event markers. If an event occurs at a time when the experimenter or 
anesthesiologist has no time to enter all details about this event into the system, a 
function key may be pressed to designate the occurrence of an event to be specified 
later on. At a later time, when choosing an event to enter into the system, the user is 
provided with the possibility to either enter the event in the normal way, or to use the 
time as registered by theevent marker. In the latter case, afterentry of the event, the 
marker is deleted from the list of pending events. 
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Statistica I methods 

In analyzing the data collected in our study, various types of statistkal analysis were 
used. The purposes of these analyses were: 

• identifying differences in AEP and EEG features between patient groups or 
between recording periods; 

• calculating correlations of AEP and EEG features with clinically relevant 
features, such as drug concentrations; 

• discriminating between patient groups based on AEP and EEG features, to 
predict to whkh group an individual patient belongs; 

• estimating latent factors underlying the obtained AEP and EEG data. 

In this chapter we will describe some of the background of the statistkal methods 
used in our study. 

6.1 ldentifying ditterences between groups 

One of the hypotheses in our study is that features of the auditory evoked potential 
and the spontaneous EEG obtained from patients responding to indsion are different 
from those obtained from patients not responding to incision. A common feature of 
several of our hypotheses is that they state that one or more features of the AEP, the 
spontaneous EEG or other acquired data are different for different patient groups or 
different recording periods. In this section we will describe how we can test the 
validity of such a hypothesis. 

6.1.1 Hypothesis testing 

The translation of the actual hypothesis to a statistkal hypothesis is fundamental to 
statistica} testing of a hypothesis. A statistkal hypothesis is an assumption about the 
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statistica! distribution of a variabie and is also called the null hypothesis. A statistkal 
test is the mathematica! procedure to find out whether a statistkal hypothesis can be 
accepted or whether it should be rejected. The quantity used for this test is called the 
test statistic. This test statistic is calculated from the observations obtained in the 
current experiment. By computing the values of the test statistic for a sample of 
observations, assuming a certain distribution for these observations, the probability of 
finding a particular value for the test statistic can be determined. The null hypothesis 
is rejected when this probability is smaller than a preset significanee level. In other 
words, when we assume the null hypothesis to be true, we can calculate how likely it 
is to obtain the value for the test statistic that was calculated for the present sample of 
observations. When this results in an unlikely value for the test statistic, then we 
dedde that the null hypothesis is not true. The preset significanee level (often 0.05 or 
0.01) determines how 'unlikely' is defined. In the following discussion, we will 
assume a significanee level of 0.05. 

In case the null hypothesis is rejected an alternative hypothesis will be accepted. 
There are three possible types of alternative hypotheses. Suppose we want to test the 
hypothesis that a test statistic 9 has a value eo. When e is equal to the mean of the 
sample of observations, then we have the so-called t-test. The null hypothesis is: 

H 0 : 9 90 (6-1) 

The possible alternative hypotheses in this case are: 

H 1:9>90 

H 1:9<90 

H 1: 9 ;t:90 

(6-2) 

(6-3) 

(6-4) 

Based upon the assumed or experimental distribution function of 9, we can calculate a 
confidence interval for e in which e should lie with a probability of 0.95, assuming 
that the null hypothesis is true. If the observed value for e lies outside this confidence 
interval, then the null hypothesis should be rejected. If the observed value for e lies 
within the confidence interval, then there is no evidence to reject the null hypothesis 
that 9=90• Note that this is not the same as stating that the null hypothesis is true. 
However, we will use the phrase "accept the null hypothesis" when there is no 
evidence to reject the null hypothesis, because this is the terminology that is generally 
used. 

The above-mentioned alternative hypotheses 6-2 and 6-3 are called one-sided 
alternatives. Hypothesis 6-4 is called a two-sided altemative. A statistica! test can be 
left-sided, right-sided or two-sided. These alternatives are illustrated in Figure 6-1 for 
a hypothetical distribution of the test statistic. The grayed area is the area in which the 
test statistic should lie for the null hypothesis not to be rejected. This area accupies 
95% of the total area of the distribution curve. For a left-sided test the null hypothesis 
will be rejected if the test statistic is smaller than a critical value c < 90• With a right
sided test the null hypothesis will be rejected if the test statistic 9 exceeds a critica! 
value c > 90• Finally, in a two-sided test the region for accepting the null hypothesis 
lies between two critica! values cl and c2, with cl < eo and c2 > 90. 

68 



Statistica! methods 

01 c2 

Figure 6-1: Illustration of a left-sided, a right-sided and a two-sided test for testing 
the null hypothesis that e=eo. 

The examples given above all pertain to the situation that we want to test the 
hypothesis that our test statistic has a mean value of €10 • However, a similar principle 
applies when we want to test whether two groups of observations have the same 
mean of the test statistic. 

Type I and Type II errors 

As we have seen before, the null hypothesis will he rejected when the test statistic has 
a probability of 0.05 or smaller of ha ving the observed value when the null hypothesis 
is assumed to be true. The rationale behind this is that a probability of 0.05 is so low 
that it is unlikely that the null hypothesis is true, so it is reasonable to reject the null 
hypothesis. However, there is still a probability of 0.05 that the null hypothesis is 
actually true, although an improbable value of the test statistic was observed. In other 
words, there is a probability of 0.05 that we are makinga mistake in rejecting the null 
hypothesis. This is called a Type I error. The chosen significanee level determines the 
probability of occurrence of a Type I error. 

When the null hypothesis is accepted, there is a possibility that it was actually false. 
The probability of making a mistake by accepting a false null hypothesis is called a 
Type 11 error. In genera!, it is not a trivia! task to estimate the probability of a Type 11 
error, because this depends on the distribution of the test statistic for testing the 
alternative hypothesis. This distribution is not always available. However, it will be 
dear that decreasing the Type I error rate by lowering the significanee level of the test 
will generally result in an increase of the Type 11 error rate. The power of a statistica! 
test is the ability of a test to detect a false null hypothesis. In other words, power is the 
probability that the null hypothesis will indeed be rejected when it is actually false. 
Power thus is equal to 1 minus the Type II error ra te. 

6.1.2 Assumptions in testing statistica! hypotheses 

An often used assumption in testing a statistica! hypothesis is that the population 
from which the observations are drawn is distributed according to some known, 
standard statistica! distribution. Statistica! tests that arebasedon such an assumption 
are called parametrie tests. Tables are available fora number of standard distributions 
that give the probability of finding a certain value for the test statistic. Often used 
assumptions, for example, in the commonly used F-test, are that the population 
follows a normal distribution, that the varianee in the observations is equal over the 
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different groups (when camparing two or more groups of observations) and that the 
errors in the observations in the different groups are independent. 

An alternative to parametrie tests is so-called non-parametrie or distribution-free 
tests. These tests use a transformation of the observations in such a way that the 
probability distribution of the transformed observations can be calculated instead of 
having to rely on assumptions about this distribution. A transformation that we will 
use is the rank number of an observation within a sorted list of observations. 
Although non-parametrie tests do not assume any specific distribution of the 
observations, they often make other assumptions. Specifically, the Kruskal-Wallis test 
assumes that the varianee in the observations is equal over the different groups and 
that the errors in the observations in the different groups are independent. Because 
the F-test and the Kruskal-Wallis test are each other's counterparts and the most 
commonly used exponents of parametrie and non-parametrie tests, we will briefly 
discuss the differences between these two tests and the implications of violations of 
the assumptions mentioned above. 

Differences betweentheF-test anáthe Kruskal-Wallis test 

The main difference betweentheF-test and the Kruskal-Wallis is that they do nottest 
the same hypothesis. Specifically, when camparing two or more groups, the F-test 
tests the hypothesis that the means of the various groups are equal, whereas the 
Kruskal-Wallis tests the hypothesis that the medians of the various groups are equal. 
When the distributions of the observations in the various groups are not symmetrical, 
the median will not be equal to the mean [Maxwell and Delaney, 1990]. 

Vialation of normality 

Although the F-test assumes normality of the distribution of the observations, this test 
is fairly robust to vialation of this assumption, except in extreme cases. Robustness 
means that the true significanee level of the test is still close to the desired level. 
Therefore, vialation of normality is generallynota reason to prefer the Kruskal-Wallis 
test over the F-test. However, in non-normal, heavy-tailed distributions (distributions 
where there is a large percentage of extreme values) the Kruskal-Wallis test has a 
lower Type 11 error rate and is therefore more powerful than the F-test in detecting 
significant differences [Maxwell and Delaney, 1990]. When the total number of 
observations is low, the occurrence of extreme values will have a large impact on the 
relative weight of the tails. Therefore, in situations where the total number of 
observations is low (as in our study), the Kruskal-Wallis test is preferred over the F
test. In case the assllmption of normality is not violated, the Kruskal-Wallis test is only 
slightly less powerful than the F-test. 

Equality of varianee 

Neither the F-test or (toa lesser degree) the Kruskal-Wallis test is robust to vialation 
of the assumption of equal variances, especially when group sizes are not equal. 
When the group with the smallest sample size has the largest variance, the actual 
Type I error rate will be higher than the nominal 0.05; that is, the probability of 
rejecting the null hypothesis when it is actually true is inflated. When the group with 
the smallest sample size also has the smallest variance, the actual Type I error rate 
will be lower than the nominal 0.05. This means that the actual Type 11 error rate is 
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inflated, and the power of detecting a true effect decreases [Maxwell and Delaney, 
1990]. 

Independenee of errors 

Neither the F-test or the Kruskal-Wallis test is robust to violation of the assumption of 
independenee of errors [Maxwell and Delaney, 1990]. This assumption will very 
likely be violated when measurements are obtained from the same subject in different 
conditions, in contrast to the situation where measurements are obtained from 
different subjects in different conditions. Since in our study we will be confronted 
with bath possibilities, we cannot perfarm an F-test or Kruskal-Wallis test in the 
farmer case. Instead, for each subject we must calculate the difference between the 
observations obtained in the different conditions, and test the null hypothesis that this 
difference is equal to zero. When using the difference between the observations the 
errors will be independentand we can safely apply the F-test or the Kruskal-Wallis 
test to test the null hypothesis that the measurements obtained in different patient 
groups have the same mean. 

It is difficult to give a straightforward answer to the question whether the parametrie 
or the non-parametrie approach is better. For non-parametrie tests, the true 
significanee level is aften doser to the theoretica! significanee level than for 
parametrie tests in case the assumption of normality is violated. A drawback, 
however, is that the power of non-parametrie tests is aften lower than that of their 
parametrie counterparts. In our study, we used non-parametrie tests, because the 
number of observations was on occasion very low. The parametrie counterparts of 
these tests were also used to compare their power. This showed that in most cases, 
both tests were equally powerful in detecting differences between groups. 

6.1.3 Non-parametrie tests 

Although it is beyond the scope of this thesis to describe all the rnathematics involved 
intestinga statistkal hypothesis, we will briefly describe the principle of Wilcoxan's 
rank sum test. This test is used to determine whether the dis tribution fundions of two 
samples of observations are equal. The Kruskal-Wallis test is based on the same 
principle, but also applies to camparisans between more than two groups. The null 
hypothesis for the Kruskal-Wallis test is that all groups have the same median. 

Assume that we want to test a null hypothesis that a certain variabie is not different 
for different patient groups. To test this hypothesis, we take M observations of the 
variabie in patient group 1, and N observations in patient group 2. Now we take all 
these observations tagether and arrange them in increasing order. Next, a rank 
number Ris assigned toeach observation: the smallest observation is given rank 1, 
the largest is given rank N + M. The rank sum statistic, our test statistie, is then 
determined from the rank numbers of the observations. When the null hypothesis is 
true, we may assume that all N + M observations have been drawn from the same 
statistica} distribution, and therefore that in the combined set of observations, any 
combination of N observations was equally likely to farm the subset of observations 
from group 2. The number of these possible combinations can be calculated using 
combinatorial computations. Each of these combinations would lead to a spedfic 
value of the rank sum statistic. The distribution function of this rank sum statistic and 
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the probability of finding the observed value of the test statistic can be determined 
mathematically. If this probability is below a preset significanee level then the null 
hypothesis is rejected and we accept the alternative hypothesis that there is a 
significant diEferenee in the measured variabie between patient groups. 

6.1.4 Testing an omnibus null hypothesis and performing multiple tests 

As was mentioned before, it is possible to compare more than two groups with each 
other using an F-test or a Kruskal-Wallis test. However, the irnplications of accepting 
the alternative hypothesis in comparing two or three groups are essentially different. 
When comparing two groups, the null hypothesis is that the two groups have the 
same mean H0• When the null hypothesis is rejected, we know that there is evidence 
that the two groups do not have the same mean. When comparing more than two 
groups, the null hypothesis is that all groups have the same mean. This is called an 
omnibus null hypothesis. The alternative hypothesis is that not all groups have the 
same mean. Now when the null hypothesis is rejected, we only know that there is 
evidence that not all groups have the same mean, but we still do not know which 
groups are different from which other groups. To find the groups that are different 
from each other, we will have to perform comparisons between groups. This means 
that we have to test more than one null hypothesis. In the case of three groups, there 
are three possible comparisons. 

When testing a statistica! hypothesis, there will always be a chance that we reject the 
null hypothesis when it is actually true (Type I error), or that we accept the null 
hypothesis when it is actually false (Type II error). When performing multiple tests, 
the probability of an incorrect condusion increases with the number of tests 
performed. Say, for example, that we want to test x null hypotheses. If we adopt a 
significanee level a for each test, then with each test we have a probability a of a Type 
I error. Over all x tests, the probability of at least one Type I error is equal to 1 minus 
the probability of no Type I errors, which is equal to 

1-(1-aY (6-5) 

For a significanee level a of 0.05 and a total of 3 tests, the probability of at least one 
Type I error is already 0.14. Therefore, when performing multiple tests the 
significanee level of each separate test should be adapted, to lower the probability of 
rejecting a true null hypoth~sis. 

This adaptation of significanee levelscan betaken to the extreme. Milier (1981] stated 
that an ultraconservative statistician should estimate the total number of statistica} 
tests to be performed in his or her entire career. The significanee level of each 
individual test should then be adapted to control the Type I error rate. However, this 
rigor is hardly ever applied, because lowering the significanee level of an individual 
test also increases the Type II error rate. Nevertheless, the significanee level of 
individual tests should be adjusted in some way to decrease the probability of a Type 
I error when pairwise comparisons as described above are performed. 

A way of dealing with multiple tests is to use the Bonferroni inequality. This 
inequality states that 

1- (1-ar ~xa (6-6) 
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Thus, if we want to perform x pairwise comparisons between several groups, the 
significanee level for each comparison should be set to a./x, to obtain an overall 
probability of at most a. of rejecting a true null hypothesis. 

6.2 Correlation analysis and linear regression 

The basic idea of regression analysis is prediction, with the simplest case being that of 
predicting one continuous variabie from another. An example of this is the prediction 
of a person's weight from his or her height. The prediction equation in simple linear 
regression is often written as 

(6-7) 

"In this equation, X i is the observed value of X (the independent variable) in subject i, 
X is the mean observed value of X over all subjects, f; is the predicted value of Y (the 
dependent variable) in subject i, and Y is the mean observed value of Y over all 
subjects. The optimal value of the slope b is calculated to minimize the sum of 
squared errors between the predicted and observed values of Y. As in hypothesis 
testing, it is possible to calculate the probability that a particular value of the slope b 
was found under the null hypothesis that b=O. When the null hypothesis is not 
rejected, X and Y are not linearly related, and the best prediction i; of Y is simply the 
mean Y of Y. When the null hypothesis is rejected, part of the varianee in Y can be 
explained from X. 

In correlation analysis, we focus on how much of the varianee in Y can be predicted 
from X. The correlation between X and Y is defined as 

L(X;- X)(f;- Y) 
; r 

li,(X;- X)2L(f; -Y)2 

V I I 

(6-8) 

This correlation is also denoted as Pearson's correlation coefficient. The proportion of 
varianee in Y predicted by X is equal to ?. As in linear regression, we can calculate the 
probability to arrive at a certain value of runder the null hypothesis that r=O. This is a 
parametrie test, because in calculating this probability it is assumed that X and Y 
follow a normal distribution. 

6.3 Discriminating between groups of observations 

One of the criteria for a possible monitor for anesthetic depth is that it should be able 
to predict inadequate anesthesia before the patient actually becomes too lightly 
anesthetized. In testing the predictive value of features in the AEP and EEG we used a 
discriminant analysis. 

lt is assumed in discriminant analysis that the data are already classified in groups. 
The purpose of the discriminant analysis is to find a linear combination of the 
measured variables in each subject, in such a way that this linear combination 
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prediets as accurately as possible the class to which this subject belongs. Discriminant 
analysis is closely related to linear regression when the dependent variabie in the 
regression equation is discrete. An essential difference is that discriminant analysis is 
often taken one step further, in that it is attempted to select only those variables in the 
discriminant function that provide the best prediction. 

6.3.1 Selecting the most predictive variables 

The most commonly used methods for selecting the variables with the highest 
predictive power are forward entry, stepwise selection and backward elimination. 
These methods all use optimization of a test statistic that gives an indication of the 
distance between the different groups. An aften used statistic for this purpose is 
Wilks' À., which is defined as the within-groups sum of squares divided by the total 
sum of squares. This indicates which percentage of the total varianee is explained by 
error varianee within the groups, as opposed to the varianee that is explained by 
differences between the groups. A low value of Wilks' À. for a certain variabie 
indicates that most of the varianee is caused by differences between groups, whereas 
a high value indicates that most of the varianee is caused by differences within 
groups. Therefore, a variabie with a low value of Wilks' À. provides a good separation 
between the groups. Wilks' À. can be calculated for each variabie separately, but also 
for the discriminant function. In the latter case, the calculated value for Wilks' À. 
indicates how well the discriminant function separates the groups. When there are 
more than two groups, more discriminant functions are needed to separate the 
groups. 

In forward entry, in each step of the selection procedure the variabie that results in 
the lowest Wilks' À. (calculated for the discriminant function) is selected. Stepwise 
selection of variables is stopped when there is no significant decrease in Wilks' À. after 
entering a new variable. In backward elimination all variables are entered at once into 
the discriminant function. Then, in each step of the selection procedure that variabie 
is removed that results in the lowest Wilks' À. after remaval of the variabie from the 
discriminant function. Stepwise remaval of variables is stopped when there is a 
significant increase in Wilks' À. after removing another variable. 

Stepwise selection combines forward entry and backward elimination. In the first 
step, the variabie that provides the lowest Wilks' À. is entered into the discriminant 
function. In each step following selection of a variable, it is considered whether 
remaval of a variabie already in the discriminant function would result in a 
significant increase in Wilks' À. of the discriminant function. If not, the variabie is 
removed from the discriminant function, since that variabie apparently does not 
contribute significantly to the between-group variance. Stepwise selection of variables 
is stopped when there is no significant decrease in Wilks' À. after entering a new 
variabie into the discriminant function, and when no more variables can be removed 
from the discriminant function without significantly increasing Wilks' À.. 

6.3.2 Performance of the discriminant function 

The discriminant function resultirig from the discriminant analysis is actually a 
dassifier, because each observation can be dassified into one of the predefined classes 
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based upon the output of the discriminant function. The prediction results of a 
classifier are often presented in the form of a so-called confusion matrix. An example 
of a confusion matrixfora three-group classifier is presented in Table 6-1. The rows 
of the matrix represent the actual class to which an observation belongs. In each row 
is indicated how the predictions of the classifier are distributed among the predicted 
class for each actual class. For example, in Table 6-1 there are ><o. observations 
classified as belonging to class 1, while they actually belong to class 0. 

Table 6-1: Confusion matrixfora three-group classifier. The number of cases in 
actual class i and predicted class j are denoted by Xij. 

predicted class: 0 1 2 

actual class: 
0 
1 
2 

A confusion matrix can be used to assess the performance of a classifier in termsof 
sensitivity, specificity and accuracy. Say, for example, that we want to screen patients 
for a specific disease. Patients are classified as belonging to class 1 when they have the 
disease, and as belonging to class 0 when they do not have the disease. When the 
disease does not occur very often, a reasonably well performing classifier could be 
constructed by predicting all patients to belong to dass 0. However, such a classifier 
will be of little practical use, because we are interested in detecting those patients that 
belong to class 1. On the other hand, if the classifier were to predict all patients as 
belonging to dass 1, the classifier would not be of much use either, because the ra te of 
false positives would become unacceptable. Therefore, one should not only look at 
total accuracy of the dassifier (the fraction of cases that are correctly classified), but 
also at sensitivity (the ability of the classifier to detect a true positive) and specificity 
(the frequency with which the classifier generates false positives). 

When there are only two possible classes (0 and 1), sensitivity is defined as the 
fraction of actual class 1 cases that are correctly classified; that is, the sensitivity of the 
dassifier for detecting a specific patient characteristic. Specificity is defined as the 
fraction of actual dass 0 cases that are correctly classified. Other indications for the 
performance of a classifier are positive predictive accuracy ( defined as the fraction of 
cases classified as class 1 that indeed belong to class 1) and negative predictive 
accuracy (defined as the fraction of cases classified as class 0 that indeed belong to 
class 0). Positive predictive accuracy indicates the probability that a case classified as 
positive (class 1) is nota false positive, and negative predictive accuracy indicates the 
probability that a case dassified as negative (class 0) is nota false negative. 

When there are three possible classes, as in Table 6-1, the above definitions for 
sensitivity and specificity and for positive and negative predictive accuracy cannot be 
used. We will use alternative definitions here, because we are not interested in 
classification accuracy for each separate dass, but in the underestimation or 
overestimation of classes by the dassifier. Such a definition of course only makes 
sense when the classes can be placed on a graded scale. Using the confusion matrix in 
Table 6-1, the definition for sensitivity used in the analyses described in this thesis is: 
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(6-9) 

This definition implies that we are interested in detecting class 1 and 2 cases, and that 
we would like the classifier to detect all class 1 cases, even if that means that some 
class 1 cases will be overestimated as belonging to class 2. According to the above 
definition, sensitivity gives an indication of the probability that actual class 1 and 2 
cases will not be underestimated by the dassifier. Using the sameconfusion matrix, 
positive predictive accuracy was defined as: 

P · · d' · xll + x2l + x22 oszttve pre tcttve accuracy = -=-'-----'"=:--= rxil + LXn 
i i 

(6-10) 

Again, we are interested in detecting class 1 and 2 cases. The above definition of 
positive predictive accuracy gives an indication of the probability that a class 1 or 2 
dassification is not an overestimation of the actual class the case belongs to. Finally, 
total accuracy is defined as the actual number of correct predictions for each class: 

X +X +X 
Accuracy = 00 1 1 22 

rrxij (6-11) 

i j 

6.3.3 Apparent and true performance 

The performance of a classifier is an indication of the accuracy of the classifier in 
reality as contrasted with its expected accuracy. The ideal estimation of the true 
performance of a classifier would be based on an unlimited number of new cases that 
had notbeen used in developing the classifier. In reality, this cannot be done because 
there will be only a limited amount of data available. The same data that were used to 
develop the classifier will often be used to get an initia! estimate of the performance. 
This estimate is called the apparent performance of the classifier. 

Although an apparent performance estimate can provide an indication of the true 
performance, this estimate is generally overly optimistic. To get a better indication of 
the true performance, the total amount of available data should be divided into two 
sets: a training set used for developing the classifier and a test set used for testing the 
performance of the final classifier. Ideally, the training and test sets should be 
mutually exclusive, and both training and test sets should be as large as possible. In 
practice, this is not always feasible. 

A method for obtaining a reasonable estimate of the true performance when only a 
limited amount of data is available is the leave-one-out method. for crossvalidation. 
This method di vides the set of N available data points into N training/ crossvalidation 
set combinations. Each training set consists of N-1 data points, and each 
crossvalidation set consists of 1 data point. All crossvalidation sets are mutually 
exclusive. The classifier is optimized N times on N-1 data points and tested on the one 
remaining data point; this way, each data point is used exactly once for 
crossvalidation. The number of correctly classified crossvalidation data points 
divided by the number of total data points gives a good estimate of the true 
performance. 
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6.4 Principal factor analysis 

Factor analysis provides a tooi for studying correlations between measured variables, 
with the objective of reducing a large· number of measured variables to a smaller 
number of composite variables. Factor analysis produces a set of constructs, the so
called factors, that are supposed to be interpretab Ie in terms of underlying effects that 
cannot be measured directly. 

The general description of a principal factor model is given in Equation 6-12. Each 
measured variabie V, is described as a linear combination of the underlying factors Fi 
plus an amount of unique varianee e" caused, for example, by measurement error. 
Theoretically, there are as many factors as there are measured variables. In practice, 
however, some variables will be correlated, resulting in a smaller number of 
independent factors. 

{

VI =al~ +blF2+ ... +nlFn +el 

~~: a,F, +h,F,+ ... +n,F. +e, 

V. -a.~ +h.F2+ ... +n.F.+e. 

(6-12) 

Another type of analysis used for reducing the number of variables to be measured 
for descrihing the observed varianee in the data is principal component analysis. A 
general description of a principal component model is given in Equation 6-13. Each 
measured variabie V, is described as a linear combination of the components Cï 

{

VI :al cl + bl c2 + .. . +nl c. 
V2 - a2 C1 + b2 C2 + .. . +n2 c. 

(6-13) 

v. =a.C1 +b.C2+ ... +n.c. 

An essential difference between principal component analysis and principal factor 
analysis is that in principal component analysis no unique varianee in the variables is 
assumed. This means that when all components are retained in the model, the 
components will be able to account for all varianee in the data. Any unexplained 
varianee in a principal component model results from the faet that generally only 
those components explaining the largest amount of varianee in the data are retained 
in the model. This unexplained varianee in a principal component model is essentially 
different from the unexplained varianee in a principal factor model, where part of the 
unexplained varianee is due to the assumed unique varianee in the variables. This 
implies that in a principal component analysis, it is not possible to separate common 
varianee from unique varianee in the variables. The purpose of a principal factor 
analysis is to remove this unique varianee from the modeland to only explain the 
common varianee in the variables. 

A principal factor analysis typically involves the following steps: 

• computation of the matrix of correlations among the variables 
• extraction of the unrotated factors 
• selection of the number of factors to retain 
• rotation of the factors 
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• interpretation of the rotated factors 
In the following section we will describe some of the background of these different 
steps. For a more detailed description of the rnathematics involved, the reader is 
referred to Mulaik [1972]. 

6.4.1 Calculatlon of prlncipal factors 

The first step in a principal factor analysis is to calculate the matrix of correlations 
among all the measured variables. An example of such a matrix in the case of 7 
measured variables is represented in Table 6-2. In this example, the values on the 
diagonal of the matrix are empty. We will comeback to this later. 

Table 6-2: Example of a matrix of correliltions among all measured variables 

variables 2 3 4 5 6 7 

1 .46 .66 .53 .36 .50 .59 
2 .46 .55 .57 .27 .45 .50 
3 .66 .55 .82 .46 .37 .45 
4 .53 .57 .82 .43 .45 .45 
5 .36 .27 .46 .43 .38 .40 
6 .50 .45 .37 .45 .38 .55 
7 .59 .50 .45 .45 .40 .55 

When the correlation matrix contains substantial correlation coefficients, this indicates 
that the variables involved show considerable overlap in what they measure, just as 
weight, for example, is related to height. On the average, tall people are heavier and 
short people are lighter, giving a correlation between weight and height. With a large 
number of variables and many substantial correlations between the variables, it 
becomes very difficult to keep track of or even interpret all the intricacies of the 
various interrelationships. Instead, factor analysis provides a way of thinking about 
these interrelationships by calculating underlying factors that account for the 
correlations among the variables. For example, a hypothetical factor of 'bigness' could 
be used to account for the correlation between height and weight. 

Extraction of factors 

Factor extraction is usually clone by calculating the eigenveetors of the correlation 
matrix. If we denote the correlation matrix by R, the eigenveetors of this matrix by ~i' 
the transposed eigenveetors by ~i-, and the eigenvalues of R by Àv then the 
eigenveetors must satisfy Equation 6-14: 

(6-14) 

The coefficients in each eigenvector [)i, are called the 'loadings' of the variables on that 
factor. These loadings are equal to the coefficients ai to ni in Equation 6-12. The 
loadings represent the correlations of the measured variables with the hypothetical 
factor. The sum of squares of the factor loadings for each variabie are called the 
'communalities' of the variables. These communalities indicate to what extent a 
variabie overlaps with the extracted factors. A communality of 1 for a variabie 
indicates that the amount of information present in the variabie is completely 
explained by the extracted factors. A communality of 0 indicates that the amount of 
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varianee present in the variabie cannot he explained by the extracted factors. 
Referring back to Equation 6-12, this means that a variabie with a very low 
communality consists mainly of unique varianee and very little common variance. A 
variabie with a very high communality consists mainly of common varianee and very 
little unique variance. Assuming that the extracted factors do represent the effects in 
which we are interested, variables with high communalities are the most suitable for 
monitoring these effects. Variables with low communalities are mainly affected by 
effects not described by the extracted factors. 

Prior communality estimates 

In the correlation matrix the communalities have to be inserted ón the diagonal for the 
correlation of a variabie with itself. These· communalities represent the amount of 
common varianee supposed to he present in the variables. Therefore it is necessary to 
have an initia! estimate of these communalities before factor extraction commences. 
Possible estimates for the prior communalities are [Mulaik, 1972]: 

• Setting all prior communality estimates to 1. When this is done, the factor analysis 
reduces to a component analysis, because then no unique varianee in the variables 
is assumed, as in Equation 6-13. 

• Squared multiple correlation (SMC) of each variabie with all other variables. This 
provides an estimate of a lower border for the communality estimates. This is 
because unique varianee in a variabie is that part of the varianee that is not 
correlated with any other variable, otherwise it would he common variance. In 
case of real data, part of the unique varianee will be due to measurement errors, 
which makes the SMC's an estimate instead of a true lower border for the 
communalities. The SMC's are calculated by taking the inverse R 1 of matrix R 
with l's inserted on the diagonal. The SMC's now are equal to 1 minus the 
redprocal of the values on the diagonal of R 1

• 

• Maximum absolute correlation of a variabie with any other variable. This also provides 
an estimate of a lower border for the communality estimates. This estimate will he 
somewhat lower than the SMC. The advantage of using this estimate is that the 
inverse of matrix R does not have to he calculated, which is very important in our 
study. The speetral bands of the EEG that are to he entered in the factor analysis 
cause matrix R to he singular, because the percentages in the different frequency 
bands will always sum to 1. Consequently, the inverse of matrix R cannot be 
calculated. 

Number of factors to be retained 

Not all factors will be equally important, and often it is not necessary to retain all 
extracted factors. When not all factors are retained, there will be some correlation 
between the variables that is not explained by the retained factors. We do notwant to 
have a too large amount of unexplained correlation between the variables remaining 
in the correlation matrix, but how do we decide what is a 'large' amount of 
unexplained correlation? Several methods have been proposed to determine the 
number of factors to be retained [Mulaik, 1972; Comrey, 1973]: 

• Retaining only those factors with an eigenvalue larger than 1. The rationale behind this 
method is that the varianee contributed by a single variabie to the total common 
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varianee can never exceed 1, so all extracted factors are guaranteed to explain the 
varianee in more than one variable. When a factor is defined by only one variabie 
this means that this variabie would be uncorrelated with all other variables. If 
there is reason to include such a variabie in the analysis, then it is entirely valid to 
have a factor being defined by only one variable. However, in most practical 
situations one of the criteria to select the variables under study is to have each 
effect of interest being described by more than one variable. In that case, ha ving a 
factor being defined by only one variabie usually means that too many factors 
were retained in the modeL 

• Percentage of common varianee in the variables explained by the retained factors. The 
retained factors should explain a 'large' amount of the total common varianee in 
the data. The disadvantage of using a criterion for the amount of common 
varianee explained by the retained factors is that it depends on the accuracy of the 
prior communality estimates. This is because the varianee must be expressed as a 
percentage of the total common varianee present in the data, which is equal to the 
communality of that variable. When the prior communality estimates are 
inaccurate, the estimate of the total common varianee in the variables will be 
inaccurate, and with it, the calculated percentage of common varianee explained 
by the retained factors. When this method is used with the final communality 
estimates, it only provides a way of 'a posteriori' evaluating the appropriateness 
of the number of retained factors. 

• Difference in successive eigenvalues. The rationale behind this method is that enough 
factors are extracted when the amount of varianee explained by an additional 
factor (which is equal to the eigenvalue of the factor) does not change very much 
when compared to the last extracted factor. An aid in determining when two 
successive eigenvalues are not very different is the scree plot. This is a plot of 
eigenvalues versus the number of each eigenvalue. An example of a scree plot for 
8 eigenvalues is given in Figure 6-2. In this example, the number of factors to be 
retained according to the scree plot is 3. 

elgenvalue 

I of eigenvaloo 

Figure 6-2: Example of a scree plotfora total of 8 eigenvalues. The dotted lines are 
extensions of the lines through eigenvalues 2 and 3 and through eigenvalues 3 and 
4. In this example, the number of factors to be retained is 3. 

• 'A priori' knowledge about the number of factors. It is possible that it is known 
beforehand how many factors should be retained. Such knowledge could be 
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available from prior factor analyses on different data, or from knowledge about 
the underlying effects that the obtained variables should be meásuring. 

• The number of variables defining a factor. This criterion can only be used after factor 
extraction to evaluate how appropriate the retained number of factors was. 
Ideally, each factor should be defined by at least three variables. If there are 
factors defined by only one variable, or several factors defined by one or two 
variables, then it is very likely that too many factors were retained. 

• The final communality estimates as compared to the prior communality estimates. As 
with the previous criterion, this criterion can only be used to evaluate how 
appropriate the retained number of factors was. It was mentioned before that the 
maximum correlation of a variabie with any other variabie provides a lower 
bound for its communality. In case of real data, this lower bound will be 
inaccurate due to measurement errors. Nevertheless, when the final communality 
estimates are much lower than the prior communality estimates (using the 
maximum correlations as prior estimates), this can be an indication of poor model 
fit, often due to too few factors being retained in the modeL 

6.4.2 Rotation of extracted factors 

When the factors are extracted, it is unlikely that the solution, although 
mathematically correct, is straightforward to interpret. The reason for this is that 
factor extraction by calculating the eigenvalues of the correlation matrix results in the 
first factor explaining as large a part of the total varianee as possible, with little 
varianee to explain for the remaining factors. This means that the first factor will have 
high factor loadings for almost all variables, and successive factors will have factor 
loadings partly overlapping with the first factor. Such complex, overlapping factors 
are usually difficult to interpret. 

Trying to interpret an unrotated factor solution is not unlike descrihing patients with 
a physical variabie developed by adding equally weighted scoresbasedon Weight, 
Age, Blood Pressure, Heart Rate and SpOr Such a composite variabie would be very 
complex and knowledge of a patient's score on such a variabie would be quite 
useless. Rotation of the extracted factors may help in interpreting the extracted 
factors. 

The different methods available for rotation can be divided into orthogonal and 
oblique rotations. Orthogonal rotations preserve the orthogonality of the extracted 
factors, which means that the factors are independent. An oblique rotation will result 
in correlated factors, which may be difficult to interpret. On the other hand, oblique 
rotation may be better able to define separate dusters of observations that are close 
together, where an orthogonal rotation would result in one factor repreaenting the 
average of the two dusters. It depends on the application whether such an average 
factor is acceptable or separation of the two dusters is important even though they are 
close together. The varimax rotation that we will use is an orthogonal rotation. A 
characteristic of this rotation is that it attempts to distribute the explained varianee 
equally over all retained factors. 
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6.4.3 Factor scores 

lt is important to note that the validity of the interpretation of the extracted factors, 
whichever rotation technique is used, cannot be confirmed by the results of the 
principal factor analysis. The interpretation of the extracted factors should be verified 
with evidence outside the factor analysis itself. A possible aid in interpreting and 
confirming the extracted factors is the factor scores. In Equation 6-12 each measured 
variabie was described as a linear combination of the factors plus an amount of 
unique variance. In the end, however, we are nat interested in the variables 
themselves but in the underlying factors. Using the observed values of the measured 
variables Vi, the calculated factor loadings ai to ni, and the estimates ei of the unique 
varianee in the measured variables (Equation 6-12), it is possible to calculate the 
values of the factors Fi themselves, also called the factor scores. Because the unique 
variances ei cannot he measured exactly but are estimated, the factor scores will also 
be estimates of the true factor scores. 

These factor scores can be used to check whether the extracted factors are indeed 
behaving as we would expect them to behave, assuming our interpretation of the 
factors is correct. Using a composite variabie such as a factor score may provide more 
information on the underlying effects than single variables. Deriving such a 
composite variabie by means of a principal factor analysis has the advantage that the 
factor scores are nat an arbitrary linear combination of variables but a composite of 
variables that are correlated to some degree. Whether the underlying effects as 
described by the extracted factors are meaningful and interpretable in terros of effects 
of interest should be confirmed by experiments outside the factor analysis. 
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Clinical evaluation of a method for automatic 
detection and removal of artifacts in auditory 

evoked potential monitoring 

Nicole A.M. de Beer, Maarten van de Velde, Pierre J.M. Cluitmans 
Joumal of Clinical Monitoring 1995; 11:381-391 

Objective. The objective of our study was to evaluate the method for detection and removal of 
artifacts in evoked potential monitoring described earlier by Cluitmans and colleagues in a clinical 
setting. Methods. The method for detection and removal of artifacts by Cluitmans and colleagues is 
based on the assumption that a sweep of the recorded electroencephalogram (EEG) signa! contains 
artifacts if one or more variables derived from the signa! deviates strongly from the normal range of 
values. Once these normal ranges are defined, all future EEG recordings that are recorded under com
parable drcumstances, can be automatically evaluated for artifacts by tracking when one or more 
signal variables falls outside the normal range. To assess the performance of this method in a clinical 
settin~ recordings from a learning set were visually evaluated for artifacts. From the empirica! 
distribution functions of the signal variables, the thresholds for automatic detection of artifacts were 
determined. The auditory evoked potentlal (AEP) waveforms resulting after automatic screening were 
compared with the waveforms obtained after visual evaluation of the raw signa! combined with 
manual exclusion of signa! periods containing artifacts. Results. The quality of the resulting waveform 
was improved by our method of automatic detection and removal of artifacts in 97% of partly 
contaminated recordings. In only 2% of the recordings, automatic screening slightly degraded the 
resulting waveform. Conclusions. We conclude that the described method of automatic detection and 
removal of artifacts in AEP recordings effectively improves the quality of the resulting AEP 
waveform, without excessive rejection of artifact-free signa! periods. The signa! variables used in this 
method seem appropriate for distinguishing artifact-free signa! periods from periods containing 
artifacts, for the types of artifact that were studied. 
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7.1 Introduetion 

Auditory evoked potentials (AEPs) can be used for various diagnostic and monitoring 
functions. It is very important that the obtained wavefarms are reliable, especially 
when they are used in an automated system. Because the amplitude of the AEP 
wavefarms is much lower than the amplitude of the spontaneous electroence
phalogram (EEG), the evoked potential cannot be measured directly. Therefore, to 
obtain the evoked potential, time-locked responses to repeated stimuli are averaged. 
The principle underlying this technique is that averaging a large number of sweeps (a 
sweep is defined as the neurophysiologic signal recorded during a fixed period after 
a stimulus) will result in the background EEG being averaged out because it is 
independent of the stimulus. The evoked potential waveform is obtained from 
averaging the responses to the stimuli, which are assumed to remain constant. This 
means that a sweep y,(t), measured after the ith stimulus can berepresentedas 

Y1 (t) = s(t) + n1 (t) (7-1) 

where s(t) is the stimulus response in which we are interested, and ni(t) is the 
background activity, independent of the stimulus. An average of N sweeps, Y(t), can 
then be written as 

N 

Y(t) = s(t) +-Jr x 2.',n1 (t) (7-2) 
i=l 

In the averaging process necessary to obtain an evoked potential waveform, two 
assumptions are made. The first assumption is that the response to the sensory 
stimulus doesnotchange during the averaging process; the second assumption is that 
the stimulus-independent background activity can be regarded as a stochastic, zero
mean process with invariant statistkal properties during the evoked response 
measurement. In most practical situations, both assumptions are not always valid 
[Cluitmans et aL, 1993]. The problem of time-varying responses to multiple stimuli 
has been discussed by several investigators, such as De Weerd [1981]. This problem, 
however, is beyond the scope of this paper, which deals only with the second 
assumption. This second assumption can be incorrect due to a number of causes. The 
background activity, or noise, that is assumed to be a stochastic, zero-mean process 
with invariant statistica} properties, consistsof two components with different origins. 
The main component is the spontaneous EEG, of which the statistica} properties may 
vary significantly during the data acquisition period. However, the assumption most 
important for evoked potential monitoring (the signal has a zero mean value) usually 
remains v,alid. The other component of background noise is of non-EEG origin, the so
called artifacts. Artifacts are aften transient phenomena, caused by either physiologic 
(for example, electrocardiogram) or non-physiologic (for example, electrosurgery) 
sources. It is important to detect signal periods containing artifacts, especially when 
the amplitude and the number of artifacts are so high that they cannot be canceled out 
by the averaging process. Once detected, it may be possible to reduce the influence 
from artifacts on the resulting average by removing contaminated signal periods from 
the averaging process. 

The existing literature on detecting and removing artifacts from the EEG mentions 
several techniques. One of these is to use lowpass filters for removing electromyo-
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graphic (EMG) artifacts from the EEG [Barlow, 1984; lves and Schomer, 1988]. A 
major disadvantage of this approach is that the information present in the evoked 
potential is also removed. Therefore, this approach is only useful in EEG monitoring, 
and not in evoked potential monitoring. Another approach is to use fixed thresholds 
for the slopes of the ongoing EEG to detect EMG artifacts, and for the amplitude of 
the ongoing EEG to detect other types of artifact [Scherg, 1982b]. The approach 
described in the current study is an extension of this method. 

The purpose of this s!Udy was to evaluate the method described earlier by Cluitmans, 
Jansen, and Beneken [1993] in a clinical setting for detection and removal of artifacts 
in auditory evoked potentials. Their method is based on the assumption that a sweep 
of the recorded EEG signal contains artifacts if one or more variables derived from the 
signal deviate strongly from the normal range of values. The range of normal values 
is determined by analyzing the statistkal properties of the signal variables for a set of 
reference recordings that, after visual evaluation, are considered to contain no serious 
artifacts. Once these normal ranges are defined, all future EEG recordings that are 
recorded under comparable circumstances can be automatically evaluated for artifacts 
by tracking when one or more signal variables falls outside the normal range. 

The evaluation described in this paper was set up to answer the following questions: 

• Is it possible to characterize (parts of) EEG recordings as containing artifacts or 
not, basedon the signal variables proposed by Cluitmans and colleagues [1993]? 
In other words, do these signal variables have different values in recordings 
containing artifacts than in artifact-free recordings? 

• When periods of the EEG that contain artifacts as detected by the described 
method are exduded from the evoked potential averaging process, does this 
improve the quality of the resulting AEP waveform? 

• When automatic detection of artifacts is used on artifact-free recordings, is the 
quality of the resulting AEP wavefarm the same as when no artifact detection had 
been used? In other words, does the method not detect too many signal periods as 
containing artifacts while they are actually artifact-free? 

• How do the results of our method campare to standard artifact rejection 
techniques based on threshold detection, as used in most commerdally available 
AEP equipment? 

7.2 Methods and Materials 

7 .2.1 Data coneetion 

The study was approved by the Medical Ethics Committee of the Catharina Hospita! 
Eindhoven (Protocol "Detectie van Awareness tijdens anaesthesie met behulp van 
auditieve evoked potentials" METC92/0-87, reviewed July 7, 1992), where the study 
was carried out. AEPs were recorded in 10 patients undergoing cardiac surgery. Total 
intravenous anesthesia with propofol and alfentanil was used. Approximately every 
15 minutes during the operation an AEP was recorded. Auditory stimulation was 
with monaural, 100-j.lSec rarefaction clicks at 75 dB SpL and contralateral white 
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masking noise at 45 dB SpL. The clicks were delivered in a random fashion 
[Cluitmans and Beneken, 1991] with an average presentation rate of 80 clicks/sec. 
Clicks and noise were produced using a Nicolet 1007 stimulus controller and were 
delivered to the patient through Nicolet Tip-10 earphones (Nicolet Biomedical, 
Madison WI). For most AEP recordings, a total number of 10,000 clicks were used, 
resulting in a recording time of 125 sec for each evoked potential. In a number of 
instances, the recording was stopped before 10,000 sweeps were reached because we 
tried to limit each recording to one period of the operation. For example, if 
sternotomy occurred during an AEP recording, the recording was stopped, and a new 
recording was started immediately after sternotomy. The EEG was recorded from Cz
Al and Cz-A2, each referenced to Fpz. Electrode impedance was kept below 3 kQ
typically 1.5 kil, measured at 20 Hz. The EEG was amplified and filtered at 5 to 1500 
Hz using a Nicolet HGA-200A preamplifier and a Nicolet NIC-501A amplifier/filter. 
The EEG was sampled at 5 kHz and stared using a LabMaster analog-to-digital (A/D) 
converter (Scientific Solutions, Solon OH) plugged into an IBM-compatible 486 
personal computer with a doek speed of 33 MHz. The AEP wavefarms were 
calculated off-line from the raw EEG, using conventional averaging of the 90-msec 
sweeps following an auditory click. The validity of this type of averaging when using 
random stimulation was described by Cluitmans and Beneken [1991]. 

7.2.2 Signal variables 

The signal variables that were stuclied were the maximum amplitude occurring in a 
sweep (Sm.J, the minimum amplitude occurring in a sweep (S."), the difference be
tween the maximum and minimum amplitude in a sweep (Sdif) and the slopes 
occurring in a sweep (S,1ope). The definition of Sm•x' Smin and Sdif is illustrated in Figure 
7-1. A slope is defined as the difference in amplitude between two successive 
samples. 

For each of these signal variables we can construct histograms from reference 
recordings that contain no artifacts. In this study, visual evaluation of the EEG by the 
author was used to define "containing no artifacts." Although visual evaluation is a 
somewhat subjective method, we felt it to be appropriate in the absence of more 
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objective measures. Once we have reference recordings that are considered artifact
free, we can determine normal ranges of values from these histograms and set 
thresholds for the largest and smallest possible maximum amplitude in a sweep 
(upper boundary Sm_.=UBSmax and lower boundary Sma,=LBSma.), for the largest and 
smallest possîble minimum amplitude in a sweep (UBSmm and LBS-), for the largest 
and smallest possible difference between Smax and Smin (UBSdlf and LBSdlf) and for 
the maximal possible slope (UBS,1op.). When calculating the AEP waveform, each 
sweep in which one or more signal variables fall outside the normal range will be 
exduded from the averaging process. In the case of LBSdif (the smallest possible 
difference between smax and s_ occurring in a sweep) the sweep will be rejected when 
the signal remains smaller than LBSdlf during a period of 45 msec (half the sweep 
length). This way, it is possible to detect iso-electric periods in the signal. For all 
signa! variables the threshold will be set such that only a small portion of all 
observations in the histogram fall outside the normal range [Cluitmans et al., 1993]. In 
this study, the 0.5% and 99.5% borders of the histogram were used to define "normal 
range." 

7.2.3 Procedure 

The following procedure was used for evaluating the effectiveness of the method de
scribed before: 

1. The recordings from the first 5 patients (the "leaming set," consisting of a total of 
100 recordings) of the total set of 10 patients were visually evaluated for artifacts. 
Each recording was assigned to one of the following categories: 

a. Recordings without artifacts, recorded before or after cardiopulmonary by
pass (CPB); 

b. Recordings containing artifacts from electrosurgery, recorded before or after 
CPB; 

c. Recordings without artifacts, recorded during CPB; 

d. Recordings containing artifacts from electrosurgery, recorded during CPB. 

The reason that we distinguish recordîngs during CPB from recordings before or after 
CPB is that the bypass pump is a continuous souree of high-frequency disturbance. 
We made no attempt to eliminate this disturbance beéause this type of artifact was 
continually present during CPB and is therefore not suitable for removal by the 
method under study. However, in most of the resulting AEP waveforms recorded 
during CPB, this type of artifact did not severely affect the resulting waveform; both 
brainstem and middle latency components remained recognizable. A result of this 
approach is that the thresholds that should be used during CPB are probably different 
from the thresholds that should be used during the remainder of the operation. This 
implies that criteria should be changed at onset and on discontinuation of CPB. 
Although this seems to be a limitation, in practical sih.lations a salution could be to 
have different sets of criteria to choose from under different recording circumstances. 

2. Histograms for the different signal variables were calculated from all recordings in 
the leaming set. For each recording category, one overall histogram was calculated 
from all recordings assigned to that category. 
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3. From recording categories a and c the thresholds for the different signal variables 
were determined. UBSmax' UBSmin and UBSdlf were chosen such that 99.5% of all 
observations in the histogram feil below this upper boundary; for LBSmax' LBSmln and 
LBSruf the rejection-threshold was set at 0.5%. For UBSslop• a different approach was 
needed, because there are [(90 msecs * 5,000/1,000) - 1] = 449 observations for the 
slopes in each sweep, instead of one, as in the case of the amplitude variables. 
Therefore, the probability of the occurrence of a too-large slope is greater than the 
probability of the occurrence of a too-large or too-small amplitude. To compensate for 
this, we only rejected a sweep on the basis of slopes if five or more too-large slopes 
occurred in a sweep. To find the threshold in the histogram, below which 99.5% of all 
sweeps have less than five too-large slopes, we had to set the threshold in the 
histogram at 4'!:#0.995. No lower boundary was set for the slopes, because only 
absolute values of the slopes were used. This was done because we assumed that 
negative slopes would show the same distribution as positive slopes. From the 
calculated histograms this appeared to be a valid assumption, and, therefore, there 
was no reason to use different thresholds for positive and negative slopes. 

4. AEP wavefarms were calculated from all recordings in the learning set. This 
calculation was clone twice: once without any form of artifact detection and once 
using automatic detection and removal of artifacts, based on the thresholds for UBS.".,, 
LBSrnax' UBSmin, LBSmln, UBSruf' LBSdif and UBS,1op• as determined in the previous step. 

5. In an attempt to assess the quality of the resulting AEP wavefarms objectively, we 
defined four quality categories. After visual inspeetion of the waveform, each AEP 
was assigned to one of the following quality categories: 

I. Both brainstem and middle latency components recognizable in the waveform; 

II. Brainstem components recognizable, but middle latency components difficult 
to identify because of insufficient canceling of disturbances; 

liL Neither brainstem nor middle latency components recognizable; 

IV. Not enough sweeps (less than 3,000) in the resulting average. The minimum 
number of sweeps necessary for obtaining a reliable AEP waveform was 
derived from results of a study by Van de Velde and colleagues [1993]. In this 
study, the signal-to-noise ratio of AEPs was stuclied in relation to the number 
of sweeps when using random presentation of stimuli. From 'this study it 
appeared that averages consisting of less than 3,000 sweeps very often had too 
low signal-to-noise ratios to be useful in further evaluation. 

An example of each of the categories is presented in Figure 7-2. The number of 
sweeps in these averages is less than 10,000 because these examples were produced 
using automatic detection of artifacts, which resulted in some sweeps being excluded 
from the averaging process. 

6. For those recordings for which the resulting average did not imprave with 
automatic artifact detection (waveforms of type lil without artifact detection that did 
not change into waveforms of type I when using automatic artifact detection), we 
visually evaluated the raw EEG signal for artifacts. Calculation of AEP wavefarms 
was repeated for these recordings, this time manually excluding signal periods 
containing artifacts. 
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Figure 7-2: AEP wavefarms from the different quality categories. 1: both brainstem 
and middle latency components recognizable in the waveform; 11: brainstem com
ponents recognizable, but middle latency components difficult to identify because of 
insuflident canceling of disturbances; III: neither brainstem nor middle latency 
components recognizable; IV: not enough sweeps (less than 3,000) in the resulting 
average. 

7. Steps 4 to 6 from this procedure were repeated for thé 88 recordings obtained from 
the 5 remaining patients (the "test set") of our total set of 10 patients. 

7 .2.4 Evalustion 

Our first question (Is it possible to characterize EEG recordings as containing artifacts 
or being artifact-free based on the proposed signal variables?) should be answered by 
cernparing the histograms of the different recording categories. These histograms 
should show the same distribution inside the thresholds set for artifact detection; but, 
the histograms of the recordings containing artifacts should have a larger number of 
observations outside these thresholds. 

To answer question 2 (Does automatic detection and exclusion of artifacts improve the 
quality of the resulting waveform?) we calculated the effectiveness of the method. 
Effectiveness was defined as the number of type lil AEP waveforms that the method 
could change into type I or 11 waveforms, divided by the number of type lil AEP 
waveforms that either automatic or manual artifact detection and removal could 
change into type I or II waveforms. This definition is illustrated in Table 7-1. This 
definition does not take into account those recordings for which neither automatic 
screening nor visual evaluation improved the resulting AEP waveform. When neither 
method yielded an acceptable AEP waveform we assumed that the entire recording 
was of low quality. This definition of effectiveness also doesnottake into account the 
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number of type III waveforms that were changed by the method into type II 
waveforms, but that visual evaluation and exclusion could change into type I 
waveforms. This aspect was not stuclied because it essentially answers the question 
whether visual processing can do better than the automatic method. Furthermore, 
then we would have had to study also the number of type II waveforms that could be 
changed into type I waveforms by either method. In this study, we only aimed at 
improving type III waveforms. The AEPs recorded in this study were part of a larger 
study in which we wanted to determine the effect of anesthesia and painful stimuli on 
the middle latency components of the AEP. Most type II waveforms were of sufficient 
quality to be able to determine the amplitude and latency of these middle latency 
components, therefore, no special effort was made to improve the quality of these 
wavefarms further by automatic detection and removal of artifacts. 

Table 7-1: Definition of effectiveness. Effectiveness is defined as [(g-h) - (k-j)] + 

[(g-i)- (l-j)]. Note that manual evaluation was performed exclusively on those type 
III wavefarms that could not be improved to type I wavefarms using automatic 
defection and remaval of artifacts. 

Methad used Waveform 
for defection Type I Typeli Typelil Type IV 
of artifacts 

none a 9 
automatic b e h 
manual c f 

To answer question 3 {Does the method leave high-quality waveforms intact?), we 
also calculated the deterioration rate of the method. Deterioration rate was defined as 
the number of type I AEP waveforms that the method changed into type 11, III, or IV 
waveforms, divided by the number of type I waveforms when no artifact detection 
was used. In addition to this, we calculated the percentage of sweeps rejected in 
artifact-free recordings. This was done exclusively for the recordings in the leaming 
set, since only that set was visually evaluated for artifact-free recordings. The purpose 
of this visual evaluation was to obtain the thresholds for the artifact detection. 
Because the test set was used totest the validity of these thresholds, the recordings in 
the test set were not visually evaluated for occurrence of artifacts beforehand. 
Effectiveness and deterioration rate were determined separately for the leaming set 
and forthetest set, and forthesets of recordings of each individual patient. 

Our last question (How do the results of our method compare to standard artifact 
rejection techniques based on threshold detection, as used in most commercially 
available AEP equipment?) was answered by keeping track of the criteria that were 
used for rejecting sweeps. For each sweep that was rejected, it was recorded which 
criteria were responsible. We assumed that the rejection methods used in most 
standard equipment consist of simple threshold detection. Because our method is an 
extension of threshold detection, we determined the number of sweeps that were 
rejected on the basis of each criterion not normally used in threshold detection (i.e., 
the number of sweeps rejected on the basis of Sdil, Sslope' a too-low Sma, or a too-high Smin) 
compared to the total number of rejected sweeps. 
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7.3 Results 

7.3.1 Histogramsof signal variables 

The histograms of Smax, s_ and Sdil that were calculated for the different recording 
categories are presented in Figure 7-3. Changes in: these histograms caused by the 
occurrence of artifacts are marked with an asterisk (*). 

From these histograms we determined the thresholds for the different signal 
Jlllariables, as summarized in Table 7-2. During CPB, the boundaries fors_ could not 
be used because this would have caused all sweeps containing interterenee from the 
bypass pump (i.e., all sweeps) to be rejected. Similarly, the upper boundary for S,1ope 

(UBS51ope) could not be used during CPB. 
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Figure 7-3: Histograms for the different recording categories. (Left column) 
Histograms of Smax; (middle column) histograms of Smin; (right column) 
histograms of Sdif. (Upper row) Recordings without artifads, recorded befare or 
after CPB; (second row) recordings containing artifacts from electrosurgery, 
recorded befare or after CPB; (third row) recordings without artifacts, recorded 
during CPB; (last row) recordings containing artifacts from electrosurgery, 
recorded during CPB. Asterisk (*) denotes changes in histogram caused by artifacts. 
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Table 7-2: Thresholds for Smax, Smin, Sdif, and Sslope. Smax = the maximum 
amplitude occurring in a sweep; Smin = the minimum amplitude occurring in a 
sweep; Sdif = the difference between the maximum and minimum amplitude 
occurring in a sweep; Sslope = the slopes occurring in a sweep. 

Characteristic Beundary Befere and after Ou ring 
CPB CPB 

Smax Upper (UBSmax) 50 iJ.V 90 iJ.V 
Lower (LBSmax) 51J.V 51J.V 

Smin Upper (UBSmin) -31J.V Not used 
Lower (LBSmin) -80 iJ. V Nol used 

sdn Upper (UBSdit) 120 iJ.V 180 iJ.V 
Lower (LBSdit) 10 iJ.V 10 iJ.V 

Sstopa Upper (UBSslope) 70 iJ. V Not used 

7.3.2 Effect of automatic dateetion of artifacts on the resulting wavefarms 

Two examples of the effect of automatic artifact detection and removal on the 
resulting AEP waveforms are presented in Figure 7-4. The left waveforms are 
calculated without artifact detection; the right waveforms are calculated from the 
same recordings, using automatic artifact detection and removal of signal periods 
containing artifacts. 

The effect of automatic artifact detection and removal on the quality of the resulting 
AEP waveforms is summarized in Table 7-3. In each column, the total number of AEP 
waveforms belonging to that category, both before and after automatic detection and 
removal of artifacts, is listed. Also indicated in this table are the results using visual 
evaluation of the EEG and subsequent manual exclusion of signal periods containing 
artifacts. 

Table 7-3: Effect of automatic and manual detection of artifacts on the quality of the 
resulting AEP waveforms. For each quality category, the number of wavefarms is 
listed for each artifact detection methad (i.e., na detection of artifacts, automatic 
detection of artifacts, and manual evaluation of the EEG to detect artifacts). Manual 
evaluation was performed exclusively on those type III wavefarms that could nat be 
improved to type I wavefarms using automatic detection of artifacts. 

Data set Detectien Waveferm 
method Type I Type 11 Type 111 Type IV 

Leaming set None 51 23 23 3 
(100 rees) Automatic 65 22 6 7 

Man u al 66 22 3 9 
Testset None 33 21 30 4 
(88 rees) Automatic 46 29 4 9 

Man u al 47 28 3 10 

Two type I waveforms changed into type 11 waveforms using automatic processing; 
but, automatic detection and removal of artifacts never degraded a type I waveform 
to a type III or IV waveform, and no type 11 waveforms degraded further by using 
automatic processing. 
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Figure 7-4: The effect of automatic artifact defection and remaval on the AEP 
waveform. (Left column) Wavefarms calculated without artifact detection; (right 
column) wavefarms calculated from the same recordings, using automatic artifact 
defection and remaval of signal periods containing artifacts. 

7 .3.3 Effectlveness and deterioration rate 

We calculated an effectiveness for the leaming set of 13/14 = 0.93 and forthetest set 
of 21/21 = 1.0, giving an overall effectiveness of 34/35 0.97. Deterioration rates were 
1/51 = 0.02 for the leaming set, and 1/33 = 0.03 forthetest set, giving an overall dete
rioration rate of 2/84 0.02. 

The effect of automatic artifact detection and removal on the quality of the resulting 
AEP waveforms was also assessed for each patient separately. From this we 
calculated an effectiveness of 0.5 in 1 patient and an effectiveness of 1 in 8 patients. 
For 1 patient effectiveness could not be calculated because there were no type III 
waveforms. The calculated deterioration rates were 0 in 8 patients, 0.08 in 1 patient 
and 0.1 in 1 pàtient. 

The percentage of sweeps rejected by the algorithm in artifact-free recordings made 
before or after CPB was 2.30 %, and 1.23% in recordings made during CPB. This 
percentage was only calculated for recordings from the leaming set1 since the test set 
was not visually evaluated for artifact-free recordings. 

7.3.4 Comparison to standard threshold techniques 

The percentage of sweeps rejected by the algorithm on the basis of Sdif was 4.0%. This 
means that if we had not used S<ilf as a criterion for artifact detection, %% of the 
artifacts would still have been detected. The criterion used for S,k>pe did not result in 
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rejection of sweeps; all sweeps in which too large slopes occurred also had too-large 
or too-small amplitudes. Therefore, using the criterion for sslope did not contribute to 
the detection of artifacts. For those sweeps in which an artifact was detected on the 
basis of smax' 30% of these artifacts consisted of smax being too low, which would not 
have been detected using normal threshold detection. For artifacts detected on the 
basis of Smin, 10% of these artifacts consisted of Smm being too high, which would not 
have been detected using normal threshold detection. 

7.4 Discussion 

The study described in this paper was set up to evaluate the method for automatic 
artifact detection and removal as described by Cluitmans and colleagues [1993]. This 
evaluation wasbasedon the four questions posed in the introduction. 

The first question (Do the proposed signal variables have different values in record
ings containing artifacts than in artifact-free recordings?) was answered by studying 
the histograms for the different recording categories. These histograms showed that 
the different signal variables do show different distributions under different 
circumstances; but, notall signal variables cai\ be used in all recording conditions to 
discriminate between recordings without artifacts and recordings containing artifacts. 

The maximum amplitude in a sweep, smax' provided a distinction between the artifact
free recordings and recordings containing artifacts. The artifacts caused peaks in the 
distribution of Sm•x at -104 J.LV (the lower saturation value of the AID conversion) and 
around 0 !lV (see Figure 7-3). The locations of these peaks are outside the boundaries 
set for Smax' as indicated in Table 7-2. The same holds for the minimum amplitude in a 
sweep, Smin' but only in recordings before or after CPB. The lower boundary for Smin 
could not be used during CPB, because the distribution of Smin extended to -104 J.LV. 
This was due to disturbance from the bypass pump. As mentioned before, we did not 
try to eliminate this disturbance, because it is continually present during CPB. 
Elimination of this type of artifact would have resulted in a too-low number of 
sweeps in recordings during CPB. 

The difference between the maximum and minimum amplitude in a sweep, Sdif' also 
provided a distinction between artifact-free recordings and those containing artifacts. 
Artifacts caused peaks in the distribution of Srur at 0 and 208 !lV, outside the 
boundaries set, as indicated in Table 7-2. Artifacts caused an additional small peak in 
the distribution of Sdirat approximately 104!lV (the upper saturation value of the A/D 
conversion). Obviously, this peak cannot be eliminated, using the boundaries for Sdif. 

Finally, the distribution of the slopes occurring in a sweep showed peaks at 0 and 104 
J.LV. The peak at 104!lV falls outside the boundary set for Sslope' as indicated in Table 7-
2. No lower boundary was used for S,1ope because only absolute slope values were 
used. The peak at 0 J.LV cannot be eliminated using a lower boundary for S,1op• (LBS,1op•), 
because sslope will be around zero every time the signal changes from rising to falling 
or from falling to rising. However, low values of S,1ope will be detected as an iso
electric signal using LBSdif. During CPB, UBS,1ope was not used because the distribution 
of S,1ope extended to 104!lV. 
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To prevent excessive exclusion of artifact-free sweeps, the upper boundaries forS""'" 
and Sdlf had to be set somewhat higher during CPB because of the disturbance caused 
by the bypass pump. 

Question 2 (Does automatic detection and removal of signal periods containing 
artifacts improve the quality of the resulting AEP waveform?) was answered by 
studying the effectiveness of the method, which was defined as the number of type lil 
waveforms that the method could change into type I or II waveforms, divided by the 
number of AEP waveforms that either automatic or manual artifact detection and 
removal could change into type I or II waveforms. The results showed an average 
effectiveness over learning and test set of 0.97. This indicates that, assuming a 
recording is not entirely contaminated by artifacts, we have a 97% chance of obtaining 
an acceptable waveform using automatic detection and removal of artifacts. 

Question 3 (Does automatic processing not reject too much of the signal?) was 
answered by studying the deterioration rate of the method, which was defined as the 
number of type I AEP waveforms that the method changed into type II, lil, or IV 
waveforms, divided by the number of type I waveforms when no artifact detection 
was used. The results showed that the average deterioration rate over learning and 
test set was 0.024. The highest deterioration rate in 1 patient was 0.1. The two type I 
waveforms out of 84 that degraded after automatic detection and removal of artifacts 
only degraded to type II waveforms. 

Another indication of how many artifact-free periods of the signal are rejected is the 
percentage of sweeps rejected from recordings in the leaming set in which visual 
evaluation revealed no artifacts. This percentage was 2.30% for AEPs recorded before 
or after CPB, and 1.23% for AEPs recorded during CPB. Theoretically, the probability 
of rejecting an artifact-free sweep is (2*0.5%) + (2*0.5%) + (2*0.5%) + (2*0.5%) = 4% 
(approximately, since notall rejection-thresholds were set at exactly 0.5%). Since the 
percentage found in this study was lower, we must condude that the studied signa! 
variables are not independent. This means that the probability of finding a too large 
value in one signal variabie depends on the value of the other signal variables. 

7.4.1 Validity of the chosen thresholds 

Effectiveness and deterioration rate together indicate whether the valid ranges for the 
signal variables are chosen properly, if the artifacts that occur and contaminate the 
AEP waveforms do cause changes in these signal variables. When the ranges are too 
wide, this results in a low effectiveness because not enough signal periods are 
rejected, and a deterioration rate near zero because the probability of rejecting 
artifact-free signal periods is very low in this case. On the other hand, when the 
ranges are too tight, this might result in a higher effectiveness, but also in a higher 
number of type IV waveforms, a higher deterioration rate, and lower signal-to-noise 
ratios in the resulting average waveforms. In this study, we were able to obtain a high 
effectiveness (97%) together with a low deterioration rate (2%), from which we 
conclude that our thresholds were chosen properly. 
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7.4.2 Comparison to standard algorithms 

When compared to standard threshold detection algorithms, we found that 4% of the 
artifacts that our method detected would not have been detected had we only used 
our criteria for Smax and s_. In addition, 30% of the Smax artifacts consisted of Smax being 
too low, and 10% of the s_ artifacts consisted of Smin being too high. These types of 
artifacts would not have been detected using standard threshold detection techniques. 
Although we did not study the effect of these additionally detected artifacts on the 
resulting average, we feel that the addition of an upper border for smax and a lower 
border for Smin substantially improves the effectiveness of artifact detection. In 
contrast, the addition of a criterion for Sdif had only a marginal effect on the detection 
and rejection of artifacts. The criterion for S,1ope did not contribute to the detection and 
rejection of artifacts. However, this criterion seems to be especially useful for the 
detection of muscle artifacts [Scherg, 1982b; Jansen, 1989]. In our data, no muscle 
artifacts were present because of the administration of muscle relaxants. 

7.4.3 Applicability of the method 

Two assumptions are crudal to the correct functioning of the described method. The 
first assumption is that the background EEG will deviate from the normal EEG only if 
an artifact occurs. This suggests that if the method is used in situations in which the 
EEG may deviate from normal for reasons other than the occurrence of artifact (for 
example, the use of different types of anesthetics), then "normal" should be redefined. 
The normal range of the stuclied signal variables should include the effect of different 
types of anesthetics on the EEG. Another example of the EEG deviating from 
"normal" without the occurrence of artifacts is a situation in which the occurrence of 
burst suppression is expected. If sweeps containing burst suppression are included in 
the definition of "normal range," then it becomes very difficult to detect iso-electric 
EEG periods resulting from artifacts. Also important is the inclusion in the normal 
range of a representative patient population to account for differences in normal EEG 
between patients. 

The second assumption is that if artifacts occur, changes in the background EEG will 
be reflected in the stuclied signal variables. For example, we did not study the effect 
of electrode motion artifacts. When this type of artifact produces changes in the 
stuclied signal variables, causing these variables to exceed the threshold, they will be 
detected by the algorithm. However, if this is not the case, and this type of artifact 
produces other types of changes in the EEG, these artifacts will not be detected by our 
algorithm. In addition, it should be noted that the evaluation as described here was 
meant to provide a tool for automatic detection and removal of artifacts in AEPs that 
were to be recorded under similar circumstances using the same anesthetic technique. 
Therefore, not all artifacts that might occur in clinical practice were encountered. 

7.4.4 Changes in the AEP 

In this study we assumed that changing AEP waveforms, for example, due to 
changing anesthetic concentrations, would not be reflected in changes in the ongoing 
EEG. Because the response to auditory stimuli will be much smaller (typically 100 
times smaller) than the ongoing EEG, such changes will be obliterated by the ongoing 
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EEG. This does not mean, however, that changes in the AEP due to changes in 
anesthesia are not accompanied by changes in the EEG, but such changes are 
accounted for in the definition of" normal range/' as discussed before. 

7 .4.5 Conclusions 

We conclude that the described method of automatic detection and remaval of 
artifacts in AEP recordings effectively improves the quality of the resulting AEP 
waveform, without excessive rejection of artifact-free signal periods. The signal 
variables used in this method seem appropriate for distinguishing artifact-free signal 
periods from periods containing artifacts, for the types of artifact that were studied. A 
topic of ongoing research is the definition of objective and quantitative measures for 
the quality and signal-to-noise ratiosof AEP wavefarms [Van de Velde et al., 1993]. 
Such measures would allow a more quantitative approach to the evaluation of 
algorithms for detection and removal of artifacts in evoked potential monitoring. 
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Correlation of auditory evoked potantials and . 
the spontaneous EEG with plasma 
concentrations of propofol and alfentanil 

NAM de Beer, JC van Hooff, PJM Cluitmans, HHM Korsten, RJE Grouls 

Goal. The objective of this study was to study the relationship between auditory evoked potentlal 
(AEP) and EEG features and changes in anesthetic concentrations. Methods. Two experiments were 
carried out. In a pilotstudy, 12 patients undergoing coronary artery bypass grafting were anesthetized 
with propofol and alfentanil. The main study comprised 41 patients. AEP and EEG recordings were 
made throughout surgery. At fixed moments during surgery and at additional moments during 
neurophysiological recordings blood samples were taken which were analyzed for propofol and 
alfentanil concentrations. Correlation and regression coefficients were calculated of AEP peak latendes 
and amplitudes and EEG speetral features with propofol and alfentanil concentrations. Results. In the 
pilot study, latency of AEP peaks Pa and Nb showed a significant correlation with propofol 
concentration (r=0.41 and 0.48 respectively). AEP peak V amplitude showed a significant correlation 
(r=-0.31) with alfentanil concentration. In the main study, latendes of peaks Na and Pa and amplitudes 
of peaks V and Na showed significant correlations with alfentanil concentration (r=0.34, 0.23, -0.31 and 
-0.23 respectively). Amplitude of peak Ne and percentage beta power showed a significant correlation 
with propofol concentration (r=-0.21 and 0.19 respectively). Conclusions. We condude that AEP and 
EEG measures do not reliably indicate plasma concentration. Changes in anesthetic concentrations can 
only partly explain the varianee in AEP and EEG measures recorded during surgical anesthesia. 
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8.1 Introduetion 

The purpose of general anesthesia is to provide a state of unconsdousness, analgesia 
and relaxation in the patient. Although inadequacy of anesthesia may be indicated by 
stress responses in the patient, such as an increase in blood pressure or heart rate, the 
degree of unconsdousness is difficult to measure objectively. Therefore, numerous 
investigations have been carried out to search for an objective measure of depth of 
anesthesia. Features derived from the auditory evoked potential (AEP) and the 
spontaneous electroencephalogram (EEG) [Schwilden et al., 1989; Cluitmans, 1990; 
Thomton, 1991] are promising measures for this purpose. 

From several studies by Thomton and colleagues [Thornton, 1991.] it appeared that 
the latency and amplitude of middle latency components in the AEP show graded 
changes with anesthesia. Spedfically, linear relationships were found between 
propofol infusion rates and AEP latendes and amplitudes [Thornton et al., 1989b ], but 
no clinical indications for anesthetic adequacy were used. In a previous study in our 
own group [Cluitmans, 1990], AEP latendes and amplitudes changed significantly 
during propofall alfentanil anesthesia when compared to baseline levels, but no 
consistent differences between levels of anesthesia were found. In that study the level 
of anesthesia was assessed by the anesthesiologist, based on the presence or absence 
of motcric and autonorneus responses to noxious stimulation. The purpose of the 
study described in this chapter was to investigate the relationship between plasma 
concentrations of propofol and alfentanil with AEP latendes and amplitudes. Because 
previous studies on EEG effects of anesthesia only yielded consistent results at the 
transition from anesthesia toawake or vice versa [Withington et al., 1986; Schwilden 
et al., 1987; Stoeckel and Schwilden, 1987; Rampil and Laster, 1992; Dwyer et al., 1994] 
and because the spontaneous EEG was readily available from the AEP recordings, we 
also included speetral features from the EEG in our analysis. 

8.2 Methods 

8.2.1 Patients 

Two experiments were carried out. Both the pilot study and the main study were 
executed at the Catharina Hospita! Eindhoven, and were approved by the local 
Medica! Ethics Committee. Informed consent was obtained for the pilotstudy from 12 
patients (10 male, 2 female) undergoing cardiac surgery. The age of the patients 
ranged from 44 to 74, with an average of 63. One patient underwent aartic valve 
replacement, and the ethers underwent coronary artery bypass grafting. In the main 
study, 41 patients (34 male, 7 female) ranging in age from 38 to 74 (mean 59) were 
studied. Two of these patients underwent aartic valve replacement, the other 39 
underwent coronary artery bypass grafting. · 

Patients were premedicated approximately two hours befare surgery with morphine 
subcutaneous 10 mg, except for one patient in the pilotstudy who received lorazepam 
1 mg. Total intraveneus anesthesia with propofol and the opioid alfentanil was used. 
Anesthesia was induced with a loading dose of propofol 2 mg/kg and alfentanil 100 
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pg/kg, given in 12 minutes. Thereafter anesthesia was continued with rates of 
propofol 8 mg/kg/hr and alfentanil 4 pg/kg/min for 10 minutes, then propofol 6 
mg/kg/hr and alfentanil3 pg/kg/min fora further 10 minutes and finally propofol4 
mg/kg/hr and alfentanil 2 pg/kg/min for the remainder of the operation. 
Pancuronium 8 mg was used to facilitate intubation. Additional pancuronium 8 mg 
was given at the start of cardiopulmonary bypass (CPB). During CPB, hypothermia to 
32 oe was applied. The lungs were mechanically ventilated with air and oxygen to 
keep end-tidal C02 at 4 kPa. Oxygen saturation was continuously monitored. 
Increases in arterial blood pressure were counteracted with nitroglycerin or ketensine; 
decreases, with administration of intravenous fluids, calcium, or inotropic drugs 
tagether with reduced doses of propofol and alfentanil. 

8.2.2 AEP and EEG recording and processing 

The raw EEG was recorded from Cz-Al and Cz-A2, each referenced to Fpz. Electrode 
impedance was kept below 3 Jill. The EEG was amplified and bandpass filtered 
between 5 and 1500 Hz ( -3 dB cut-off frequendes) using a Nicolet HGA-200A 
preamplifier and a Nicolet NIC-501A amplifier/filter. The EEG wassampledat 5 kHz 
and stored on hard-diskusinga LabMaster AD converter and an IBM-compatible 486 
33 MHz Personal Computer. Auditory stimulation for the evoked potentials was 
performed with manaural lOO-psec raretaction clicks at 75 dB SpL and contralateral 
white masking noise at 45 dB SpL. Clicks and noise were produced using a Nicolet 
1007 stimulus controller and delivered to the patient through Nicolet Tip-10 
earphones. During each recording in the pilot study a total of 1000 clicks were 
presented with a stimulation rate of 11.1 clicks/sec, resulting in a sweep lengthof 90 
msec. In the main study, a total of 10,000 clicks were presented with random 
interstimulus intervals, according to a Poisson distribution, with an average 
presentation rate of 80 clicks/sec. The Poisson distribution ensures that the effect of 
intedering stimuli will be equally distributed over the entire sweep, independent of 
the sweep length [Krausz, 1975; Cerutti et al., in press). We chose a sweep length of 
270 msec for the analysis of the AEP's recorded in this way in the main study to 
ensure that component Ne could be detected if present. 

Auditory evoked potentials were recorded approximàtely every 15 minutes during 
surgery in the pilotstudy, and approximately every 10 minutesin the main study. 
The AEP wavefarms were calculated off-line from the raw EEG, using conventional 
averaging of the 90-msec (pilotstudy) or 270-msec (main study) sweeps following an 
auditory click. 

In the pilot study the recorded EEG was visually inspected for artifacts from 
electrosurgery and interterenee from the bypass pump. The criteria for identifying 
artifacts during this visual evaluation were extreme amplitudes, high frequency 
bursts and the occurrence of large spikes in the raw EEG. Signal periods containing 
such artifacts were not used in the averaging process for the AEP. In the main study 
we used automatic detection of artifacts as described in Chapter 7 to exclude sweeps 
containing artifacts from the averaging process. I<rom the resulting averages the 
latency and amplitude of brainstem peak V and of middle latency peaks Na, Pa, Nb 
were determined. In the main study middle latency peaks Pb and Ne were also 
determined. The peaks were determined using a combination of automatic 
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recognition of MLAEP peaks by an artificial neural network [Van Gils and Cluitmans, 
submitted] and evaluation by a human observer. The neural network assessed the 
location of the peaks, and the visual evaluation consisted of checking whether the 
observer agreed with the choice of the neural network in 'difficult' cases. In most 
cases, this meant checking whether an auditory response was present at all. This is 
because the neural network always reports a location, even in waveforms where no 
dear brainstem response is present. 

Brainstem peak V was used to check whether a response was actually present: if peak 
V could not be determined, the entire AEP was not used in further processing. The 
AEP was also not used in further processing if the occurrence of artifacts caused the 
total number of sweeps in the resulting average to be lower than 500 in the pilot study 
or 3000 in the main study. In the pilot study the digitized EEG was high-pass filtered 
using 333-point FIR filter with a -3 dB cut-off frequency of 16 Hz prior to averaging 
the recorded AEP's in order to enhance the visibility of middle latency components 
Pa and Nb. In the main study this type of filtering was not used, because it greatly 
reduced the visibility of middle latency components Pb and Ne, which were not 
analyzed in the pilotstudy. 

The raw EEG recorded for AEP averaging was also used for speetral analysis, 
employing the CCSA software package developed in our group [Van de Velde and 
Cluitmans, 1991]. Before calculation of the spectra, the EEG was digitally low-pass 
filtered at 32Hz (-3 dB cut-off frequency), using a 69-point moving average filter. In 
the main study deleetion and rejection of epochs from the filtered EEG containing 
artifacts was done using the same algorithm as was used for detecting artifacts in the 
AEP. In the pilotstudy the signal periods that were excluded from the AEP averaging 
were also excluded from the speetral analysis. Spectra were calculated from 8-second 
epochs, using 2-second overlapping of epochs, and applying a Blackman time win
dow to prevent speetral leakage. The features derived from the calculated spectra 
were the median, 95% speetral edge and peak power frequency, and the percentage 
delta (0-4 Hz), theta (4-8Hz), alpha (8-14Hz) and beta (above 14 Hz) power. The 
resulting speetral features for each recording were averaged over the same period as 
the AEPso that one set of EEG features remained for each set of AEP features. If the 
occurrence of artifacts caused the total number of epochs included in this averaging to 
be lower than 6 (corresponding toa recording time of 38 seconds), that set of EEG 
features was not used in further processing. In the pilot study this criterion was not 
used. Instead, a set of EEG features was included even if the total number of epochs 
was lower than 6. 

8.2.3 Propofol and alfentanil assays 

In the pilotstudy, 10 ml arterial blood samples were taken at 6 fixed times during the 
operation for analysis of propofol and alfentanil plasma concentrations. These sample 
times were at 6 minutes and at 12 minutes after start of the propofol and alfentanil 
infusion, at sternotomy, at the startand end of CPB and at the end of surgery. Two to 
four additional samples (the actual number depended on the duration of surgery) 
were taken during some of the AEP measurements. In the main study one sample was 
taken at sternotomy, and 4 or 5 additional samples were taken throughout the 
operation. These samples were taken during or close to the AEP measurements. 
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In the pilot study all samples were drawn into a tube flushed with heparin and stored 
on ice, whereas in the main study the samples were drawn into a potassium oxalate 
tube and stored on ice. After completion of surgery each sample was split into two 
parts of 5 ml each, with one for propofol assay and one for alfentanil assay. The 
serum was separated by centrifugation and stored at -20 oe until further processing. 
Propofol concentrations were assessed by the hospita! pharmacy, using High 
Performance Liquid Chromatography with fluorometric detection. Alfentanil plasma 
concentrations were quantified by a validated radioimmune assay [Michiels et al., 
1983] at the Pharmacokinetics Laberatory of the Janssen Research Foundation, Beerse. 

Only AEP and EEG measurements that were recorded within either 10 minutes (pilot 
study) or 5 minutes (main study) before or after the moments at which blood samples 
were taken were included in the analysis. Increasing this time interval beyond the 
mentioned values did not significantly increase the number of AEP and EEG 
measurements included in the analysis. Pearson correlation coefficients with the 
measured propofol and alfentanil plasma concentrations were calculated for all meas
ured EEG and AEP variables. Regression coefficients were calculated for those 
variables that showed a significant correlation with propofol or alfentanil 
concentration. Confidence intervals (95%) for the regression lines and for the 
predicted values were also calculated. We did not use any logarithmic transformation 
of the AEP measures as described by Thomton et al. [1989b], because this only 
marginally changed the results of the correlation analysis. 

8.3 Results 

8.3.1 Pilot study 

A total of 134 AEP's were recorded, and in 97 of these, peak V could be reliably 
detected. The total number of blood samples taken was 103 over 12 patients. Twelve 
samples of 2 patients were exduded, because they had unrealistic values caused by 
errors in the sampling procedure. The average concentrations of propofol and 
alfentanil at the average sampling moments, calculated over the remaining 91 
samples, are presented in Figure 8-1. The average plasma concentrations at the 
sampling moments between the end of CPB and the end of the operation are not 
included in this figure because only three samples were taken in this period. 

Forty-five samples were excluded from the correlation analysis because they were not 
taken within 10 minutesof an AEP measurement. For 5 of the remaining samples (6 
for the contralateral AEP recordings), the corresponding AEP measurement was of 
insufHeient quality to assess the latency and amplitude of all peaks. The results of the 
correlation analysis, calculated over the remaining 41 (contralateral 40) data points, 
are presented in Table 8-1. Propofol concentratien showed a significant correlation 
with peak Pa and Nb latendes. Alfentanil concentratien showed a significant 
correlation with peak V amplitude (ipsilateral only). 
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The regression coefficients for the regression of peak Pa and Nb latendes on propofol 
concentration and for the regression of peak V amplitude on alfentanil concentration 
are presented in Table 8-2. The regression lines and confidence intervals are presented 
in Figure 8-2. 
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Figure 8-1: Average plasma concentrations and SD of propofol (solid line) and 
alfentanil (dashed line) in the pilot study. The average time in minutes from 
induction ± SD at which the samples were taken were: (a) 6.4 ± 0.5; (b) 12.1 ± 0.8; 
(c) sternotomy: 36.2 ± 6.1; (d) befare CPB: 76.0 ± 17.6; (e) start of CPB: 82.2 ± 
21.9; (j) during CPB: 128.8 ± 39.6; (g) end of CPB: 154.9 ± 35.9; (i) end of 
surgery: 182.0 ± 35.1. 

Table 8-1: Pearson correlation coefficients (significance) of EEG and AEP measures 
with propofol and alfentanil plasma concentrations in the pilot study (n.s.: not 
significant at p<0.05). Ipsilateral calculated over 41 samples, contralateral over 40 
samples. 

lat Pa lat Nb ampV 
ipsi contra ipsi contra lp si contra 

propofol 0.33 0.41 0.46 0.48 n.s. n.s. 
(0.03) (0.008) (0.002) (0.002) 

alfentanil n.s. n.s. n.s. n.s. -0.31 n.s. 
(0.05) 

Table 8-2: Regression coefficients for those variables showing a significant 
correlation with propofol or alfentanil concentration in the pilot study. 

latency Pa (ipsi) 
latency Pa (contra) 
latency Nb (ipsi) 
latency Nb (contra) 
amplitude V (ipsi) 

intercept 

40.2[ms] 
38.7 
57.0 
56.7 
1.12 [IN] 

propofol 

1.76 [ms·mii!Jg] 
2.13 
3.23 
3.23 

alfentanil 

.0.881 [IJV·mii!Jg] 
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Figure 8-2: Regression lines, 95% conftdence interval for the regression line 
(dashed lines) and 95% conftdence interval for the prediction (dotted lines) in the 
pilotstudy. (a) ipsilateral Pa latency vs. propofal cancentration; (b) contralateral Pa 
latency vs. prapofal cancentration; (c) ipsilateral Nb latency vs. prapofol 
concentratian; (d) contralateral Nb latency vs. prapafol concentration; (e) ipsilateral 
V amplitude vs. alfentanil cancentration. 

8.3.2 Main study 

The total number of blood samples taken was 204 over 41 patients. Thirty-one 
samples were excluded from the analysis because they were not taken within 5 
minutes of an AEP measur~ment. For 45 of the remaining samples (30 contralateral), 
the conesponding AEP measurement was of insuffident quality to be able to assess 
the latency and amplitude of all peaks. The average propofol and alfentanil 
concentrations during the various periods of surgery are presented in Figure 8-3. 
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Figure 8-3: Average plasma concentratîons and SD of propofol (solid line) and 
alfentanil (dashed line) during the various periods of surgery in the main study. (c) 
at sternotomy; (d) befare CPB; (j) during CPB; (h) after CPB. 

The results of the correlation analysis, calculated over the remaining 128 data points 
(143 contralateral), are presented in Table 8-3. Propofol concentration showed a 
significant correlation with peak Ne amplitude (ipsilateral only) and with percentage 
beta power (ipsilateral only). Alfentanil concentration showed a significant correla
tion with peak Na and Pa latendes (for peak Pa ipsilateral only) and with peak Na 
amplitude (contralateral only). Peak V amplitude showed a significant correlation 
with alfentanil concentration ipsilateral, and with alfentanil and propofol 
concentrations contralateraL 

Table 8-3: Pearson correlation coefficients (significance) of EEG and AEP measures 
with propofol and alfontanil plasma concentrations in the main study (n.s.: nat 
significant at p<0.05). Ipsilateral calculated over 128 samples, contralateral over 
143 samples. 

propofol alfentanil 

ipsilateral 

latency Na n.s. 0.34 (0.0001) 
latency Pa n.s. 0.23 (0.009) 
amplitude V n.s. ·0.31 (0.0003) 
amplitude Ne ·0.21 (0.02) n.s. 
beta power 0.19 (0.03) n.s. 
contralateral 

latencyNa n.s. 0.17 (0.04) 
amplitude V -Q.20 (0.02) -0.25 (0.003) 
amplitude Na n.s. -0.23 (0.007) 

The regression coefficients for these AEP and EEG measures on propofol or alfentanil 
concentration are presented in Table 8-4. Plots of the regression lines and confidence 
intervals are presented in Figure 8-4 for ipsilateral peak Na latency and peak V 
amplitude. Regression plots for the other variables as presented in Table 8-4 {Pa 
latency, Na and Ne amplitude, and beta power) are not given, because the correlation 
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coefficients for these variables were, although significant, so low that a regression plot 
would not give any additional information. 

Table 8-4: Regression coefficients for those variables showing a significant 
correlation with propofol or alfentanil concentrations in the main study. 

intercept 

ipsilateral 

latency Na 20.9 [ms] 
latency Pa 38.5 
amplitude V 0.513 [JJV] 
amplitude Ne 0.0572 
beta power 15.8 [%] 
contralateral 

latency Na 23.7 [ms] 
amplitude V 0.497 [JJV] 
amplitude Na 0.382 

00,-----------------------, 

~ . -.-- . 
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Figure 8-4: Regression lines, 95% confidence interval for the regression line 
(dashed lines) and 95% confidence interval for the prediction (dotted lines) in the 
main study. (a) ipsilateral Na latency vs. alfentanil concentration; (b) ipsilateral V 
amplitude vs. alfentanil concentration. 

8.4 Discussion 

Pilotstudy 

We observed a large drop in plasma concentrations at the onset of CPB. This effect has 
been reported before, and is due to a combination of hemodilution in the bypass 
circuit [Russen et al., 1989; Woodcocket al., 1993] and binding of the anesthetics to the 
bypass circuit [O'Keeffe et al., 1994]. 

Peak Pa and Nb latendes correlated significantly with propofol concentration (both 
ipsilateral and contralateral), and peak V amplitude correlated significantly with 
alfentanil concentration (ipsilateral only). Although these correlations were 
significant, they were also very low. This indicates that only a small amount of the 
varianee in the AEP measures could be explained from the varianee in propofol or 
alfentanil concentrations, since this amount of explained varianee is equal to the 
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square of the correlation coefficient. For Pa latency this was equal to 10.9% ipsilateral 
and 16.8% contralateral, for Nb latency the amount of varianee explained by propofol 
concentrations was 21.2% ipsilateral and 23.0% contralateral, and for peak V 
amplitude only 9.6% of the varianee could be explained by changes in alfentanil 
concentration. 

A possible explanation for the absence of a correlation with amplitudes of the AEP 
middle latency components is the effect of surgical stimulation on these amplitudes. 
In a study by Thornton et al. [1988] it was found that surgical stimulation can reverse 
the effect of anesthesia on the AEP amplitudes without influencing the effect of 
anesthesia on the AEP latencies. The absence of a correlation of alfentanil 
concentratien with middle latency AEP components is consistent with the results 
from a study by Schwender et al. [1993d], which showed that these components are 
affected only very slightly by opioid anesthesia. Another possible explanation is the 
low number of observations that was left for inclusion in the analysis. The results 
from the studies by Thornton et al. [1989b], however, were obtained with only 36 
observations, whereas we had 41 observations in the pilotstudy. 

Mainstudy 

The correlations found in the pilot study could not be reproduced in the main study, 
except for the correlation between peak V amplitude and alfentanil eoneentration. The 
amount of varianee in peak V amplitude explained by changes in alfentanil 
concentration (9.6%) was identical totheresult from the pilotstudy. The amount of 
explained varianee in the other AEP and EEG measures was 11.6% at its maximum 
for peak Na lateney. 

The propofol eoneentrations in the main study tended to be somewhat higher than in 
the pilot study, possibly resulting in less variability in the AEP and EEG measures. 
This may explain the absence of a correlation with propofol coneentration in the main 
study. In general, the amounts of explained varianee in the main study were lower 
than in the pilot study. In addition, there was a discrepancy between ipsi- and 
contralateral results in the main study, while the results from the pilot study were 
highly simHar for ipsi- and contralateral data (except fortheresult in BAEP peak V). 
This suggests that the observed correlations with alfentanil concentration in the main 
study may not be reliable. ' 

In conclusion, we feel that, although changes in anesthetic concentration may partly 
explain the varianee in AEP and EEG measures during surgical anesthesia, AEP and 
EEG measures do not reliably indicate anesthetic concentrations. 
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Hemadynamie responses to incision and 
sternotomy in relation to the auditory evoked 
potential and spontaneous EEG 

NAM de Beer, JC van Hoof!, PJM Cluitmans, HHM Korsten, RJE Grouls 
British Joumal of Anaesthesia (submitted) 

The objective of this study was to investigate the effect of incision and stemotomy on the auditory 
evoked potential (AEP) and EEG, and to try to predict a hemodynamic response to incision or 
stemotomy using the AEP and EEG. Forty-one patients undergoing cardiac surgery were anesthetized 
with propofol and alfentanil. The AEP and EEG wère recorded before incision, between indsion and 
stemotomy, and after stemotomy. Peak latendes and amplitudes of AEP peaks V, Na, Pa, Nb, Pb and 
Ne were determined. From the EEG the median, speetral edge and peak power frequendes and 
percentages delta, theta, alpha and beta power were calculated. Each patient was classified as 
responding, equivocally responding, or not responding to indsion or stemotomy based on the 
increase in arterial blood pressure and heart ra te upon indsion and upon stemotomy. Before incision, 
Nb and Pb latendes and propofol concentration were higher for not responding patients, while heart 
ra te and EEG median frequency before indsion were lower. After stemotomy, the amplitude of both 
Pa and Nb, peak power frequency and percentage alpha power were all higher, and percentage theta 
power was lower for responding patients. Pa latency was longer after stemotomy for not responding 
patients. Using a combination of heart rate, arterial blood pressures and features derived from the 
AEP (all recorded before indsion), the occurrence of a response to incision could be predicted in 
individual patients with 85% sensitivity, 63% positive predictive accuracy and 72% total accuracy. We 
conclude that AEP's are more sensitive to pain stimuli thanspeetral features of the spontaneous EEG. 
In addition, the AEP may help in predicting inadequate anesthesia. 

108 



AEP and response to incision 

9.1 Introduetion 

The purpose of general anesthesia is to provide a state of analgesia, unconsdousness, 
relaxation and homeostasis in the surgical patient. Because different patients may 
react differently to simHar amounts of anesthetic agents, an objective measure of 
analgesia and unconsdousness is desired. Results from previously published studies 
suggest that features derived from the spontaneous electroencephalogram (EEG) 
[Sebel et al., 1993; Kearse et al., 1994] or from auditory evoked potentials (AEP's) 
[Thomton et al., 1988, 1989a; Thomton, 1991; De Beer et al., 1994; Schwender et al., 
1994a, 1994b] may he useful for monitoring the effects of anesthesia. 

Adequacy of anesthesia may he evaluated clinically by observing movement or an 
increase in blood pressure or heart rate in response to a noxious stimulus. Attempts to 
use the EEG to predict such a response showed that features derived from the EEG 
may predict presence or absence of movement in response to a noxious stimulus with 
an accuracy of 77 to 92% [Dutton et al., 1990; Sebel et al., 1993; Kearse et al., 1994]. A 
study by Thomton and colleagues showed that the effects of anesthesia on the AEP 
are reversed by pain stimuli [Thomton et al., 1988], but the effect of surgery on the 
AEP was not different for patients showing a hemadynamie response versus patients 
in which no such response was present [Thomton, 1990]. Also, no attempt at 
predicting the occurrence of a response to surgery was made, probably because of the 
small number of patients in that study. 

In the present study we used absence of a hemadynamie response to incision and 
sternotomy as an indication for adequate anesthesia. The hypotheses underlying the 
study described in this paper are: 

• Features in the ABP and EEG are sensitive to pain stimuli, in this case incision 
and sternotomy; 

• Patients who respond to incision and/or stemotomy with a hemadynamie 
response show different AEP and EEG features than patients who do not 
respond, whereas such a difference does not exist in hemadynamie variables 
measured before incision or sternotomy; 

• The presence or absence of a hemadynamie response is related to plasma 
concentrations of the administered anesthetics. 

• The occurrence of a hemadynamie response to incision can he predicted using 
features or a combination of features derived from the AEP and EEG, tagether 
with measurements of heart ra te and blood pressure obtained before incision. 

9.2 Methods 

9.2.1 Patients 

The study was performed at the Catharina Hospita! Eindhoven, and was approved by 
the local Medica! Ethica! Committee. Informed consent was obtained from 41 patients 
(34 male, 7 female) undergoing cardiac surgery. The age of the patients ranged from 
38 to 74, with a mean of 59. Patients underwent aortic valve replacement .(two 
patients) or coronary artery bypass grafting (39 patients). Patients were premedicated 
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approximately two hours before surgery with morphine subcutaneous 10 mg. Total 
intravenous anesthesia with propofol and alfentanil was used. Anesthesia was 
induced with a loading close of propofol2 mg/kg and alfentanil 100 pg/kg, given in 
12 minutes. After these 12 minutes anesthesia was continued with rates of propofol 
8 mg/kg/hr and alfentanil 4 pg/kg/min for 10 minutes, then propofol 6 mg/kg/hr 
and alfentanil3pg/kg/min fora further 10 minutes and finally propofol4 mg/kg/hr 
and alfentanil 2 Jlg/kg/min for the remainder of the operation. Paneuromum 8 mg 
was used to facilitate intubation. 

9.2.2 Recordings 

The raw EEG was recorded from Cz-A1 and Cz-A2, each referenced to Fpz. Electrode 
impedance was kept below 3 kil, typically the electrode impedance was 1.5 k.Q 
(measured at 20 Hz). The EEG was amplified and filtered at 5 to 1500 Hz (-3 dB 
cut-off) using a Nicolet HGA-200A preamplifier and a Nicolet NIC-501A amplifier
filter. The EEG was sampled at 5 kHz with a resolution of 12 bit and stored on 
harddisk, using a LabMaster AD converter and an IBM-compatible 486 33 MHz 
Personal Computer. Auditory stimulation for the evoked potentials was performed 
with monaural 100-p.sec rarefaction clicks at 75 dB SpL and contralateral white 
masking noise at 45 dB SpL. Clicks and noise were produced using a Nicolet 1007 
stimulus controller and delivered to the patient through Nicolet Tip-10 earphones. 
Clicks were delivered with random interstimulus intervals, according to a Poisson 
distribution, with an average stimulation rate of 80 clicks per second. An important 
impHeation of using this distribution for random presentation of stimuli is that the 
effects of interfering stimuli will be equally distributed over the entire sweep, 
independent of the sweep length [Krausz, 1975; Cluitmans and Beneken, 1991; Cerutti 
et al., in press]. This results in a smoothing of the effect of intedering stimuli. We 
chose a sweep lengthof 270 msec for the analysis of the AEP's in this study to ensure 
that component Ne could be detected if present. 

Auditory evoked potentials were recorded starting 10 minutes before first incision 
until 10 minutes after stemotomy. After automatic detection and removal of sweeps 
containing artifacts [De Beer et al., 1995], AEP's were averaged over the period 
starting 10 minutes before first incision and ending at indsion, over the period from 
incision to stemotomy and over the period starting at stemotomy and ending 10 
minutes after stemotomy. From the resulting averages the latency and amplitude of 
brainstem peak V and of middle latency peaks Na, Pa, Nb, Pb and Ne were 
determined using a combination of automatic recognition of MLAEP peaks by an 
artificial neural network [Van Gils and Cluitmans, submitted] and evaluation by a 
human observer. The neural network assessed the location of the peaks, and the 
visual evaluation consisted of checking whether the observer agreed with the choke 
of the neural netwerk in 'difficult' cases. In most cases, this meant checking whether 
an auditory response was present at all. This is because the neural network always 
reports a location, even in waveforms where no clear brainstem response is present. 

Brainstem peak V was used to check whether a response was actually present: if peak 
V could not be determined, the entire AEP was not used in further processing. The 
AEP was also not used in further processing if, because of the occurrence of artifacts, 
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the total number of sweeps in the resulting average was lower than 3000 
(corresponding toa net recording time of 38 seconds). 

The raw EEG recorded for AEP averaging was also used for speetral analysis, using 
the CCSA software package developed in our group [Van de Velde and Cluitmans, 
1991]. Before calculation of the spectra, the EEG was digitally low-pass filtered at 32 
Hz, using a 69-point moving average filter. Detection and rejection of epochs 
containing artifacts was done using the same algorithm as was used for detecting 
artifacts in the AEP. Spectra were calculated from 8-second epochs using 2-second 
overlapping of epochs, and applying a Blackman time window to prevent speetral 
leakage. The features derived from the calculated spectra were the median, 95% 
speetral edge and peak power frequency, and the percentage delta (0-4 Hz), theta (4-8 
Hz), alpha (8-14Hz) and beta (14-32Hz) power. The resulting speetral features for 
each recording were averaged over the same period as the AEP so that one set of EEG 
features remained for each set of AEP features. If the occurrence of artifacts caused 
the total number of epochs induded in this averaging to be lower than 6 
(corresponding toa net recording time of 38 seconds), that set of EEG features was not 
used in further processing. 

Because the raw EEG was high-pass filtered at 5 Hz to enhance the quality of the AEP 
recordings, the calculated speetral features will be higher than the values reported in 
the literature as being necessary for surgical anesthesia [Schwilden et al., 1989i 
Vernon et al., 1992], especially for the median and peak power frequency. Percentage 
delta power will be lower in our study. Although the filter removes a large part of the 
delta activity, we considered it valid to include percentage delta power in the 
analysis, because the filter is not able to remove all delta activity. This allows for 
trends in delta power to be observed, but possibly affects the significanee of any 
changes in delta power, because these changes will be less dear. 

9.2.3 Occurrence of a response to inclslon and sternotomy 

The values of systolic, diastolic and mean arterial blood pressure (SAP, DAP and 
MAP) and of heart rate (HR) were obtained at 1 minute before and after incision and 
at 1 minute before and after sternotomy. Changes in arterial pressure and heart rate, 
denoted as .óSAP, .óDAP, .óMAP and .óHR, were classified into one of four categories . 
.óSAP, .óDAP, .óMAP were dassified as+++ if the increase was larger than 20 mmHg, 
++ if the increase was larger than 10 mmHg, + for increases larger than 3 mmHg, and 
- if there was a change smaller than 3 mrnHg or a decrease . .óHR was classified as ++ 
if the increase was larger than 10 beats per minute (bpm), + for an increase larger than 
3 bpm, and if there was a change smaller than 3 bpm or a decrease in heart ra te. 

Based on the dassifications for .óSAP, .óDAP, .óMAP and .óHR, each patient was 
classified as responding (++), equivocal {+) or not responding {-) to indsion or 
sternotomy according to the following criteria. If either &SAP, .óDAP or &MAP was 
classified as+++, the patient was classified as responding. If &SAP, .óDAP and .1.MAP 
were all classified as++, the patient was also dassified as responding. If &SAP, .óDAP 
and &MAP were all but one classified as ++, the remaining pressure was dassified as 
+, and .óHR was dassified as+, then the patient was also classified as responding. If 
no variabie had a classification higher than +, the patient was classified as not 
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responding. All other patients were dassified as showing an equivocal response. This 
dassification into response groups was done twice for all patients: once for the 
response to incision, and once for the response to sternotomy. A threshold of 3 mmHg 
and 3 bpm was chosen to prevent noise in the blood pressure and heart rate 
measurements from influencing the resulting patient dassification. However, 
choosing a threshold of 0 mmHg and 0 bpm did not change this dassificatiort. 

For those patients who responded unequivocally to indsion, the anesthetic record was 
checked to see whether and how the anesthesiologist had treated this response to 
incision, because such a treatment may have affected the response to sternotomy. 

9.2.4 Propofol and alfentanil concentrations 

Immediately after stemotomy an arterial blood sample was taken. These samples 
were analyzed by the hospita} pharmacy for the level of propofol, using High 
Performance Liquid Chromatography with fluorametrie detection. Alfentanil plasma 
were quantified by a validated radioimmuno assay {Michiels et al., 1983] at the 
Pharmacokinetics Laboratory of the Janssen Research Foundation, Beerse. 

9.2.5 Statistica! analysis 

For all comparisons between groups of patients with respect to the response to 
incision or stemotomy a Kruskal-Wallis test with a significanee level of 5% was used. 
For those features for whieh the Kruskal-Wallis test indicated a statistically significant 
difference between groups, the groups were compared pairwise. For these 
comparisons we used a Wilcoxon rank sum test with Bonferroni correction, with a 
significanee level of 5%. This means that a difference between two groups was 
considered to be statistically significant if the p-value resulting from the Wilcoxon test 
was smaller than 0.05/(number of comparisons) 0.025. The number of comparisons 
was 2, because we always compared responding patients to not responding and 
equivocally responding patients, or we compared not responding patients to 
responding and equivocally responding patients. We used non-parametrie tests, 
because of the low numbers of observations in the different groups. We also used a 
Kruskal-Wallis test for comparisons in AEP and EEG features between the three 
recording periods, and a Wilcoxon rank sum test with Bonferi"oni correction for 
pairwise comparisons. 

Group means that were tested for statistically significant differences were: 
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• AEP and EEG features for each of the three recording periods, averaged over 
all patients; 

• propofol and alfentanil concentrations for each of the three patient groups 
with respect to the response to indsion, and with respect to the response to 
stemotomy; 

• AEP and EEG features for each of the thrèe patient groups with respect to the 
response to incision, and with respect to the response to sternotomy, for each 
recording period; 

• SAP, DAP, MAP and HR before incision and before stemotomy, for each of 
the three patient groups with respect to the response to intision and with 
respect to the response to stemotomy. 
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9.2.6 Predicting the response to incision 

A discriminant analysis was used to examine whether it is possible to predict the 
occurrence of a response to incision. Based on observations of arterial pressures, HR, 
AEP and EEG features, a discriminant function was estimated that optimally 
separates groups of responding, equivocally responding and not responding patients. 
Estimation of the optimal discriminant function was performed several times, using 
different sets of the available features from all patients. First, it was attempted to 
predict the response to incision using only the available observations for SAP, DAP, 
MAP and HR measured befare indsion, because this is the information that is, among 
others, conventionally available to the anesthesiologist. More variables were included 
for estimation of the discriminant function in subsequent analysis cycles. These added 
variables were the median, speetral edge and peak power frequency and the 
percentages delta, theta, alpha and beta power derived from the EEG in the second 
cycle, the latendes and amplitudes of peaks V, Na, Pa, Nb, Pb and Ne from the AEP 
in the third cyde, and finally the variables derived from both the AEP and the EEG in 
the fourth cycle. In each cycle, the discriminant analysis calculated the best linear 
combination of features from the total available data set by stepwise selection of 
variables, to optimally separate between the three response groups. The resulting 
discriminant function was tested after each cycle to see whether its predictions agreed 
with the actual occurrence of a response. Because in this study we only had a limited 
amount of data available, we used the leave-one-out method for crossvalidation. This 
means that when we have' N data points, the discriminant function is calculated from 
N-1 data points and subsequently tested on the one remaining data point. This is 
repeated N times so that each data point is used exactly once for testing. 

The performance of the resulting discriminant function in each cyde was assessed in 
terms of total accuracy, sensitivity and positive predictive accuracy. Using the 
schematic representation of the predictions of the discriminant function.in Table 9-1, 
total accuracy is defined as the actual percentage of correct predictions: 

Accuracy Xoo + Xll + X22 

L,L,xij 
(9-1) 

i j 

Sensitivity indicates how well the discriminant function is able to predict the 
occurrence of a response. The definition we used for sensitivity indicates the 
probability that the actual occurrence of a response or an equivocal response to 
incision will not be underestimated by the discriminant function: 

(9-2) 

Positive predictive accuracy indicates what percentage of cases that is predicted to 
show a response is indeed showing a response. The following definition of positive 
predictive accuracy gives the probability that the prediction of a response or an 
unequivocal response to incision is not an overestimation of the actual response: 

P · · d' · x!! + xz1 + Xzz osltlve pre lctlve accuracy = """"""'ê----'"'=;--"-"-LXn + L,X;z 
(9-3) 
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Table 9-1: Schematic representation of the predictions of the discriminant function. 
The number of cases in actual response group i and predicted response group j are 
denoted by X;ï 

predicted response: 0 2 

actual response: 
0 Xoo Xo1 Xo2 
1 x10 x11 X12 
2 X2o X21 X22 

9.3 Results 

First incision occurred on average at 32 minutes (standard deviation (SD) 4 min) after 
induction. Sternotomy occurred on average at 36 minutes (SD 5 min) after induction. 
We obtained auditory evoked potentials from 39 patients. In 38ofthese patients we 
also obtained a blood sample immediately after sternotomy. We could not reliably 
record an AEP in each period in all patients. Before incision the total number of 
recordings from which both AEP features and EEG speetral features could be reliably 
obtained was 32. Between incision and sternotomy this number was 6, and after 
sternotomy we obtained recordings from 32 patients. 

The mean values of AEP peak latendes and amplitudes and of EEG speetral features 
for each of the three measurement periods are presented in Figure 9-1. In this and 
other figures and tables, only contralateral results are presented. The ipsilateral 
results are comparable, but we preferred contralateral over ipsilateral because slightly 
more observations were available for the contralateral recordings. The amplitudes of 
peaks Nb and Pb were significantly increased (p=0.046 and 0.017 respectively) during 
the period between incision and sternotomy. Pairwise comparisons between 
recording periods revealed that the group means of recordings before and after 
incision were significantly different. There was also a significant effect in median 
frequency (p=0.042}, but here pairwise comparisons revealed no significant 
differences between recording periods. 

Three patients responded unequivocally to first incision, and four patients responded 
unequivocally to sternotomy. All three patients who responded to incision did not 
respond to sternotomy. One of these patients had been given 5 mg ketensine 
approximately 1 minute before sternotomy. The other two were treated with an 
increased dose of propofol, but, according to the anesthetic record, only several 
minutes after sternotomy. Of the four patients who responded to sternotomy, two had 
equivocally responded to first incision, the other two had not responded to first 
incision. The number of responding patients for the different conditions is 
summarized in Table 9-2. This table also indicates for how many patients of each 
group AEP and EEG data were available. 
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Figure 9-1: Mean values and SD of AEP and EEG features befare incision (N=32), 
between incision and sternotomy (N=6), and after sternotomy (N=32), averaged 
over all patients. (a) AEP latencies; (b) AEP amplitudes; (c) EEG speetral features. 
+: statistically significant difference between periods (Kruskal-Wallis, p<0.05). 
*: statistically significant difference between pre- and post-incision values 
(Wilcoxon, p<0.025). 

Table 9-2: Number of patients responding to incision and sternotomy, and number 
of these patients for which AEP and EEG data were available during the different 
recording periods (before inCision I between incision and sternotomy I after 
sternotomy). 

response # patients AEP & EEG data available 

++ to incision 3 31-13 
+ to incision 12 1013110 
- to incision 24 1913119 
++ to sternotomy 4 21314 
+ to sternotomy 9 5 I 1 I 6 
- to sternotomy 26 2512122 

Ne 

Table 9-3 summarizes which variables showed significantly different group means 
between responding, equivocally responding, and not responding patients. There 
were no statistically significant differences in AEP and EEG features obtained 
between incision and sternotomy between patient groups with respect to the response 
to incision, or between patient groups with respect to the response to sternotomy. In 
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the next sections the effects in the AEP latendes before incision, in the AEP 
amplitudes after sternotomy and in the EEG features in these periods will be 
discussed in more detail. 

Table 9-3: Variables that showed significantly different group means between 
responding, equivocally responding, and nat responding patient groups (Kruskal
Wallis, p<0.05). 

measurement period 

before incision 

alter sternotomy 

classified by 
response to incision 

Nb latency (p=0.010) 
Pb latency (p=0.020) 
median freq. (p=0.034) 
heart rate (p=0.045) 
propofol (p=0.026) 

classified by 
response to sternotomy 

theta power (p=0.024) 

Pa latency (p=0.010) 
Pa amplitude (p=0.004) 
Nb amplitude (p=0.016) 
peak power freq. (p=0.007) 
theta power (p=0.011) 
alpha power (p=0.046) 

No statistically significant differences in means of SAP, DAP or MAP recorded before 
incision were found between patient groups with respect to the response to incision. 
The heart rate recorded before incision was significantly different (p=0.045) between 
patient groups: 59.7 bpm (SD 9.6) for patients not responding to incision, 66.0 bpm 
(SD 5.0) for patients equivocally responding to incision and 77.0 bpm (SD 12.8) for 
responding patients. However, pairwise comparisons revealed no statistically 
significant differences between groups. There were no statistically significant 
differences in hemodynamic variables recorded before sternotomy between patient 
groups with respect to the response to sternotomy. 

The mean values of the propofol and alfentanil concentrations for the different 
response groups are presented in Table 9-4. These averages were calculated using 
only the data from those patients for which AEP and EEG data were available. 
Although alfentanil concentrations were lower for patients responding to sternotomy, 
this effect was not significant. Furthermore, no statistically significant differences in 
alfentanil concentrations were found between patient groups with respect to the 
response to incision. There was a significant overall effect in propofol concentrations 
for the response to incision (p=0.026). Pairwise comparisons showed that patients not 
responding to incision had significantly higher propofol concentrations than patients 
who responded equivocally (p=O.OlO). No significant difference in propofol 
concentrations between patients responding and not responding to incision was 
found, but this could be due to the small number of patients (N=3) in the responding 
group. There was no statistically significant difference in propofol concentrations 
between patient groups with respect to the response to sternotomy. 
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Table 9-4: Mean values (SD) of propofol and alfentanil concentrations for patients 
responding, equivocally responding and not responding to incision and sternotomy, 
and number of patients in each group. *: significant difference in mean propofol 
concentration between not responding and equivocally responding patients 
(Wilcoxon, p=0.010) 

- to incision 
+ to incision 
++ to incision 
- to stemotomy 
+ to stemotomy 
++ to stemotomy 

9.3.1 Response to incision 

propofol [IJg/ml] 

3.43 (0.95) • 
2.50 (0.77) 
3.07 (0.58) 
3.03 (1.04) 
3.10 (0.94) 
3.10 (0.85) 

alfentanil [ng/ml] 

551 (117) 
514 (158) 
555 (182) 
537 (129) 
503 (99) 
462 (168) 

N 

19 
10 
3 

22 
6 
4 

Examples of typical AEP recordings for patients responding and not responding to 
incision are presented in Figure 9-2. Both AEP's were recorded before first incision; 
the left graph in a patient who was about to respond to incision, and the right graph 
in a patient not responding to incision. In Figure 9-3a the AEP latendes recorded 
before first incision are presented for patients responding, equivocally responding and 
not responding to first incision. Latendes of peaks Nb and Pb were significantly 
longer for patients not responding to incision (p=O.OlO and 0.020 respectively). This 
effect was statistically significant for the comparison between patients not responding 
and equivocally responding to incision. The effect was not statistically significant for 
the comparison between patients responding and not responding to indsion, but this 
could be due to the small number of observations (N=3) in the responding group. In 
the EEG features recorded before incision presented in Figure 9-3b, there was a 
statistically significant overall effect (p=0.034) for the response to incision in the 
median frequency. However, pairwise comparisons revealed no statistically 
significant differences between any two group means. 

0.6-,---------------, 0.6-,--------------, 

0.4 

·0.4+--~-~.----...,--~------< ·M+----.---r--...,-----,-----1 
0 2f} 40 80 80 100 () 40 80 100 

!atency (msec) lateru::y tmsec} 

Figure 9-2: Typical AEP recordings befare incision. The left graph was recorded in 
a patient who was about to respond to incision; the right graph was recorded in a 
patient not responding to incision. 
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V Na Pa Nb Pb Ne MFIF SEF PPF delta theta alpha beta 

(a) (b) 

Figure 9-3: AEP and EEG features and SD recorded befare first incision, classified 
by response to incision. (a) AEP latencies; (b) EEG speetral features. *: statistically 
significant difference between group means of patients nat responding and 
equivocally responding to incision (Wilcoxon, p<0.025). +: statistically significant 
overall effect in group means (Kruskal-Wallis, p<0.05). 

9.3.2 Response to sternotomy 

In Figure 9-4a the AEP amplitudes recorded after sternotomy are presented for patients 
responding, equivocally responding, and not responding to sternotomy. Amplitudes 
of peaks Pa and Nb were significantly larger for patients responding unequivocally to 
sternotomy (p=0.004 and 0.016 respectively), both in comparison with not responding 
and with equivocally responding patients for Pa amplitude. For Nb amplitude only 
the difference between the group means of responding and not responding patients 
was statistically significant. In Figure 9-4b the EEG speetral features recorded after 
sternotomy are presented for patients responding, equivocally responding and not 
responding to sternotomy. Significant overall effects were found in peak power 
frequency (p=0.0007), in percentage theta power (p=O.Oll), and in percentage alpha 
power (p=0.046). The peak power frequency was significantly higher for patients 
responding to sternotomy when compared to equivocally responding patients. The 
percentage theta power was significantly lower for patients responding to sternotomy 
when compared to equivocally responding patients. Before incision, the percentage 
theta power was also lower in this group (p=0.024). Pairwise comparisons revealed no 
significant differences between group means in percentage alpha power. 
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~ No response ~ Equivocal ~ Response 

V Na Pa Nb Pb Ne 

(a) 

~ 32 

l 
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~ No response ~ Equivocal ~ Response 

MPF SEF PPF delta theta alpha beta 

(b) 

Figure 9-4: AEP and EEG features and SD recorded after sternotomy, classified by 
response to sternotomy. (a) AEP amplitudes; (b) EEG speetral features. *: 

statistically significant difference between group means of patients responding and 
nat responding to sternotomy (Wilcoxon, p<0.025). **: statistically significant 
difference between group means of patients responding and equivocally responding, 
and between group means of patients responding and nat responding to sternotomy 
(Wilcoxon, p<0.025). +: statistically significant overall effect in group means 
(Kruskal-Wallis, p<O.OS) ++: statistically significant difference between group 
means of patients responding and equivocally responding to sternotomy. 

9.3.3 Predicting the response to incision 

The variables used in the discriminant function and its performance in predieting the 
responses of individual patients as determined by leave-one-out crossvalidation are 
summarized in Table 9-5. The predietions of the best discriminant function using a 
combination of hemadynamie variables and features from the AEP are summarized in 
Table 9-6a. The predietions of the best discriminant function using a combination of 
hemadynamie variables and features from both the AEP and the EEG are 
summarized in Table 9-6b. All results in these tables are obtained by leave-one-out 
crossvalidation. From these classifieation results it can he seen that adding features 
from the EEG to the classifier improved the detection of absence of a response, but 
also caused overestimation of an equivocal response in one patient. However, 
overestimation of a response is clinieally less relevant than underestimation of a 
response. Both discriminant functions underestimated an unequivocal response in one 
of the three patients responding to incision. The presence of an equivocal response 
was underestimated by both discriminant functions in one out of ten patients 
responding equivocally to incision. 
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Table 9-5: Perfonnance in terms of sensitivity, positive predictive accuracy and 
total accuracy of different combinations of types of measured variables to predict the 
occurrence of a hemadynamie response to incision. Chance levels for sensitivity, 
positive predictive accuracy and total accuracy are 33%. 

variabie group variables selected in sens. pos. pr. acc. 
discriminant tunetion [%] [%] [%] 

hemadynamie variables HR,DAP 69 53 59 
&MAP 

hemadynamie + EEG HR, median freq., 62 53 56 
DAP&MAP 

hemadynamie + AEP lat Nb, HR, DAP, 85 63 72 
MAP,ampNe 
&amp Na 

hemadynamie + AEP + EEG lat Nb, median freq., 85 61 72 
HR, DAP, MAP, 
amp Na & amp Ne 

Table 9-6: Predictions of the best discriminant Junctions. (a) Using a combination 
of hemadynamie variables and features from the AEP; (b) using a combination of 
hemadynamie variables and features from bath the AEP and EEG. For each 
combination of actual and predicted response group the total number of 
observations is listed. 

(a) Hemadynamie and AEP features 
predicted response: 0 1 2 

actual response: 
0 12 7 0 
1 1 9 0 
2 0 1 2 

(b) Hemodynamlc, AEP and EEG features 
predicted response: 0 1 2 

actual response: 
0 13 6 0 
1 1 a 1 
2 0 1 2 

9.4 Discussion 

9.4.1 Effect of paln on the AEP and EEG 

Our first goal was to answer the question whether AEP and EEG features are sensitive 
to pain stimuli. lt was found earlier by Thomton and colleagues [Thomton et al., 
1988] that amplitudes of peaks Nb and Pb increased significantly after start of 
surgery. This is consistent with our observation that Nb and Pb amplitudes increased 
significantly after incision, which indicates that AEP amplitudes indeed seem to be 
sensitive to pain stimuli. Nb and Pb amplitudes did nat increase further and even 
decreased after stemotomy (when averaged over all patients), but this could be due to 
still increasing drug concentrations. The last setting in our stepped infusion scheme 
for propofol and alfentanil was reached on average at incision, but in some patients 
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this last setting was only reached after sternotomy. This explanation fora decreasein 
Nb and Pb amplitudes after sternotomy is supported by the observed slight increase 
in AEP latencies, as indicated in Pigure 9-1. 

A second observation that supports the hypothesis that AEP amplitudes are sensitive 
to pain stimuli is the increase in AEP amplitudes after sternotomy for the group of 
patients responding to stemotomy. One would also expect an increase in AEP 
amplitudes after incision for patients responding to incision, but we did not find such 
an increase. A possible explanation for this is the very low number of observations 
available during the period between incision and sternotomy for responding patients. 

In the EEG features we only found a significant effect in median frequency between 
the three recording periods, averaged over all patients. This effect was not found in 
pairwise comparisons between recording periods, but this could be caused by the fact 
that Bonferroni correction is a rather conservative methad of adjusting the 
significanee level for multiple tests. Although the median and peak power frequency 
and percentages alpha and beta power tended to increase after incision, and 
percentages delta and theta power tended to decrease after incision, these changes 
were not statistically significant. After sternotomy we observed a decrease in 
charaderistic frequencies and percentages alpha and beta power, and an increase in 
percentages delta and theta power, when averaged over all patients. Similar to the 
effect in AEP latendes and amplitudes after sternotomy, this could be due to still 
increasing drug concentrations. 

When the EEG features were stuclied for the different response groups, we found an 
effect in peak power frequency and percentages theta and alpha power after 
sternotomy. However, we cannot be sure that this effect is entirely due to the painful 
stimulus of sternotomy, because the difference between response groups in 
percentage theta power was already present befare incision. 

9.4.2 Predietien of a to incision 

Our second goal was to find out if there were differences in AEP and EEG features 
between responding and not responding patients before the actual occurrence of a 
response. Por AEP features this has not been stuclied before. Por EEG speetral 
features, it has been shown that these may predict movement in response to incision, 
·and that EEG speetral features are better predietors for movement in response to 
incision than are hemadynamie variables [Dutton et al., 1990; Kearse et al., 1994]. In 
this study, we found Nb and Pb latendes to be significantly Jonger for patients who 
did notshow a hemadynamie response to incision. Moreover, there was no difference 
in arterial blood pressures between response groups. The only indication for a 
possible response was an increased heart rate for patients about to respond to 
incisiçm; but although there was a significant difference in heart rate between patient 
groups, the average heart rate for responding patients was still not very high (77.0 
bpm, SD 12.8). We did find increased median, speetral edge and peak power 
frequencies in patients about to respond to incision, but only the median frequency 
showed a statistically significant overall effect, and the pairwise comparisons between 
patient groups were not statistically significant. Thus, if we define adequate 
anesthesia as absence of a hemadynamie response to incision, AEP's seem more 
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suitable to predict inadequate anesthesia than are EEG features and hemodynamic 
variables measured before incision. 

Although we had expected to find a difference in propofol and alfentanil 
concentrations between responding and not responding patients, we only found a 
statistically significant difference in propofol concentrations between patient groups 
with respect to the response to incision. The absence of a significant difference in 
propofol concentrations between not responding and responding patients in the 
presence of a significant difference between not responding and equivocally 
responding patients could be due to the small number of observations in the 
responding group. This may also explain the absence of a significant effect in 
alfentanil concentrations, because there was a tendency for alfentanil concentrations 
to be lower for patients responding to stemotomy. 

Finally, we tried to predict the response to incision for each patient, using 
hemodynamic variables recorded before incision and features from the AEP and EEG 
recorded before indsion. It was found that the best prediction of a response to 
incision was obtained by combining hemodynamic variables with features from the 
AEP. Induding features from the EEG slightly deteriorated positive predidive 
accuracy, that is, the probability that a predicted response or equivocal response is not 
an overestimation of the actual response. The discriminant fundion thus obtained had 
a total accuracy of 72%. Although this does not seem very high, it should be noted 
that using only hemodynamic variables in the discriminant fundion resulted in a 
worse total accuracy of 59%. Total accuracy on chance level would be 33%, because 
we used three possible response classes. 

9.4.3 Choice of a clinical endpoint 

When monitoring the presence or absence of pain during general anesthesia, possible 
clinical endpoints are movementor hemodynamic responses to noxious stimulation. 
The latter option, which we chose to use in this study, has the advantage of providing 
a graded assessment of the presence or absence of pain. Another consideration is that 
absence of movement is probably associated with lighter levels of anesthesia than 
absence of a hemodynamic response is. Because during cardiac surgery relatively 
deep levels of anesthesia areneededat stemotomy and sterna} spread, we considered 
absence of movement in response to incision to be less appropriate than absence of a 
hemodynamic response to indicate adequate anesthesia. In addition, movement in 
response to a noxious stimulus is not a very reliable indicator of pain when musde 
relaxants are administered. 

9.4.4 Routine of the AEP and EEG 

The feasibility of routine AEP and EEG monitoring in the operating theater is 
questionable at present, as indicated by our inability to reliably obtain an AEP 
waveform in all patients during all recording periods. This was partly due to the 
extremely short time between incision and sternotomy in several patients, and partly 
to the use of electrosurgery during the entire period after incision. Although the 
algorithm developed in our group for detecting and rejecting this type of artifact 
appeared to be adequate [De Beer et aL, 1995], the remaining amount of signal that 
was undisturbed by artifacts was not always sufficient to produce a reliable AEP 
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waveform. Using EEG amplifiers with higher input impedances may help in 
alleviating this problem. Another consideration is the amount of time needed to 
obtain a reliable AEP waveform. When the AEP and/ or EEG is to be used for 
dynamic monitoring of pain responses, it should be fast to obtain. Although the EEG 
can be obtained faster than the AEP, the EEG on its own seems not to be very useful 
for monitoring pain responses, according to our results. The acquisition times used 
for obtaining an AEP wavefarm in this study were relatively long (up to 10 minutes). 
Because all AEP wavefarms were analyzed off-line, this recording time was chosen to 
compensate in advance for the occurrence of artifacts. The method for random 
presentation of stimuli employed in this study may produce an acceptable AEP 
wavefarm within 40 to 60 seconds in the absence of artifacts [Van de Velde et al., 
1993]. However, if the AEP is to be used routinely in an environment where the 
occurrence of artifacts is to be expected, one would need an on-line assessment of the 
reliability of the obtained AEP waveform. 

9.4.5 Conclusions 

We conclude that the AEP is more sensitive to pain stimuli than the EEG is. Features 
from the AEP may provide additional information on the adequacy of anesthesia, 
although a 100% accurate prediction of presence or absence of a hemadynamie 
response to incision was not possible using a combination of the AEP and hema
dynamie variables. 
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Midlatency auditory evoked potentials as 
indicators of perceptual processing during 
general anesthesia 

NAM de Beer, JC van Hoof!, CHM Brunia, PJM Cluîtmans, HHM Korsten, JEW Beneken1 

British Joumal of Anaesthesia (submitted) 

We tested the hypothesis that midlatency auditory evoked potentials (MLAEP's) can predict the 
occurrence of long latency AEP components (LLAEP), which are taken as evidence for perceptual 
processing. Forty-one patients undergoing cardiac surgery were anesthetized with propofol and 
alfentanil. During several periods of surgery LLAEP's were recorded. Peak-to-peak amplitude 
measures were used to determine whether a particular LLAEP recording trace contained a 
recognizable waveform. Both before and after each LLAEP recording epoch, MLAEP's and the 
spontaneous electroencephalogram (EEG) were recorded. Peak latendes and amplitudes of brainstem 
peak V and midlatency peaks Na, Pa, Nb, Pb and Ne, characteristic frequencies from the spontaneous 
EEG, mean arterial blood pressure (MAP) and nasopharyngeal temperature (T) were compared 
between recording epochs with and without clear LLAEP waveforms. These variables were also used 
in a discriminant analysis to predict the occurrence of an LLAEP waveform. Pa and Nb latendes were 
significantly shorter both befare and after recording epochs in which an LLAEP wavefarm occurred, 
compared to epochs in Which no LLAEP wavefarm occurred. Using a combination of up to 6 EEG, 
MLAEP, MAP and T measures, it was possible to predict the occurrence or absence of an LLAEP 
waveform with a sensitivity of89% and a specificity of 86%. We conclude that MLAEP components 
provide information on the possibility of perceptual processing during general anesthesia, and thus 
may berelevant for monitoringdepthof anesthesia. 

'The first and second author contributed equally in writing this paper. 
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10.1 Introduetion 

Many studies on intraoperalive memories suggest that auditory information 
processing may persist during general anesthesia [Ghoneim and Block, 1992], but 
there is still no standardized method for determining intraoperahvely whether an 
auditory stimulus is actually perceived or not. The availability of such a method is an 
essenhal prerequisite for a monitor of anesthehc depth. Auditory evoked potenhals 
(AEP's) provide a method for monitoring the transmission and processing of auditory 
stimuli from the cochlea to the cortex. The AEP consists of a series of waves that are 
characterized by their latency (the time of occurrence after sound onset) and 
amplitude. Brainstem auditory evoked potenhals (BAEP's), consisting of waves I-VII, 
occur within 10 msec after stimulus presentation, and reflect achvation of the acoustic 
nerve and brainstem auditory structures. Midlatency AEP components (MLAEP) 
occur between 10 and 100 msec after sound onset. MLAEP components are named 
NO, PO, Na, Pa, Nb, Pb and Ne, and are supposed to be generated in thalamic and 
cortical auditory structures. MLAEP components are foliowed by the long latency 
AEP components (LLAEP), which reflect achvation of the association areas of the 
cerebral cortex. LLAEP components P1, N1 and P2 reflect the more cognitive aspects 
of information processing' [Spehlmann, 1985]. 

Thornton and colleagues have shown that BAEP components increase in latency with 
increased levels of volatile agents, whereas they remain unaffected by intravenous 
anesthetics [Thornton, 1991]. Latency and amplitude of MLAEP components have 
been found to show dose-related changes with general anesthetics that were highly 
similar for inhalation and intravenous agents [Thornton and Newton, 1989; Thornton, 
1991]. In addition, the decreasein Nb and Pb amplitude induced by anesthesia was 
found to be reversed by surgical stimulation [Thornton et al., 1988]. These results 
suggest that MLAEP components are related to responsiveness of the auditory 
pathways. However, their occurrence is insufficient evidence that the presented 
stimulus is actually perceived [Jessop and Jones, 1992]. The purpose of the present 
study was to investigate the relationship between MLAEP components and auditory 
perception. 

Previous research to study this relationship has focused on the Isolated Forearm 
Technique (IFT) and impHeit memory. In a study by Thornton et al. [1989a] it was 
shown that responsiveness as indicated by the IFT was associated with shorter 
latendes of MLAEP peak Nb. The IFT measures the ability of a patient to respond to 
verbal commands during anesthesia. A\:>sence of a response may indicate 
unconsciousness, but it is also possible that the patient wanted to respond, but was 
unable to. Furthermore, it may be difficult to distinguish general movements from a 
purposeful response to command. Another limitation is that this technique can only 
be used for a short period of time, to prevent ischemia in the isolated arm. In a study 
by Schwender et al. [1994b], Pa latency was 100% sensitive and 77% specific in 
predicting impHeit memory for intraoperatively presented materiaL Although this 

'No general agreement exists over the exact boundary to use between midlatency and long latency 
components. Theoretically, Pl and Nl are identical toPband Ne. In this paper, labels Pl and Nl were 
used to indicate components elicited in an oddball paradigm, while labels Pb and Ne were used to 
indicate components elicited by clicks. 
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result supports the notion that MLAEP measures reflect some degree of perceptual 
processing, the results of impHeit memory tests are not exclusively determined by the 
effects of anesthesia on perceptual processing but also on memory processes. In 
addition, the results of impHeit memory testsmayalso be affected by intermediate 
processes between the time of stimulus administration and the time of testing. 

To circumvent these disadvantages of the IFT and implicit memory tests, we focused 
on LLAEP components as a possible measure for perceptual processing. The N1 and 
P2 components, occurring approximately 100 to 200 msec after a stimulus, are 
associated with early discrimination processes. Their amplitudes are not only 
influenced by the physical features of the stimuli, but also by the subjects' attention 
[Näätänen and Picton, 1987]. The P3 component is a task-related component, most 
typically elicited by an infrequent stimulus presented against a background of 
frequent, standard stimuli (the so-called oddball task). This component, which has a 
latency of 250 to 600 msec, reflects controlled stimulus processing and target 
detection, presumably assodated with conscious awareness of the presented stimulus 
[Picton, 1992]. Evidently, recording of LLAEP components in addition to MLAEP 
components would create the possibility to relate early cortical MLAEP changes 
resulting from anesthesia to variations in levels of perceptual and cognitive 
processing. 

In the present study, MLAEP's and LLAEP's were recorded during several periods of 
cardiac surgery with propofol/ alfentanil anesthesia. Our hypothesis was that MLAEP 
measures can predict the occurrence of LLAEP components (specifically the P1-N1-P2 
complex), which is taken as the earliest evidence of perceptual processing. The 
predictive value of MLAEP measures was compared with that of mean arterial blood 
pressure, nasopharyngeal temperature and several speetral EEG measures. 

1 0.2 Methods 

1 0.2.1 Patients and anesthesia 

The study was performed at the Catharina Hospita! Eindhoven, and was approved by 
the local Medical Ethical Committee. Informed consent was obtained from 41 patients 
(34 male, 7 female) undergoing cardiac surgery. The age of the patients ranged from 
38 to 74, with a mean of 59. Two patients underwent aortic valve replacement, and the 
others underwent coronary artery bypass grafting. Patients were premedicated 
approximately two hours before surgery with morphine subcutaneous 10 mg. Total 
intravenous anesthesia with propofol and alfentanil was used. Anesthesia was 
induced with a toading close of propofol 2 mg/kg and alfentanil 100 pg/kg, given in 
12 minutes. After these 12 min11tes anesthesia was continued with rates of propofol 8 
mg/kg/hr and alfentanil'4 pg/kg/min for 10 minutes, then propofol 6 mg/kg/hr 
and alfentanil 3 pg/kg/min for 10 minutes and finally propofol 4 mg/kg/hr and 
alfentanil 2 pg/kg/min for maintenance. Pancuronium 8 mg was used to facilitate 
intubation. Additional pancuronium 8 mg was given at the start of cardiopulmonary 
bypass (CPB). The lungs were mechanically ventilated with air and oxygen to keep 
end-tidal C02 pressure at 4 kPa. Oxygen saturation was continuously monitored. 
Increases in arterial blood pressure were counteracted with nitroglycerin or ketensine; 
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decreases, with administration of intravenous fluids, calcium, or inotropic drugs 
tagether with reduced doses of propofol and alfentanil. During CPB moderate 
hypothermia to 32 oe was applied. 

1 0.2.2 Recording procedure 

Baseline recordings for both the MLAEP and LLAEP were obtained the moming of 
the operation before the patients were premedicated. During surgery MLAEP and 
LLAEP recordings were obtained during the following periods: 

1. before CPB (approximately 30 minutes after first indsion); 
2. at the start of CPB; 
3. during CPB; 
4. at the end of CPB; 
5. approximately 10 minutes after CPB. 

In case surgery was too short to complete all recording series, period 3 was excluded. 
MLAEP's and LLAEP's were recorded successively during each of the above 
mentioned periods, as schematically presented in Figure 10-1. This was done because 
MLAEP components are typically evoked by presentation of auditory clicks, while 
LLAEP components are best elicited by tones with a much lower presentation rate. In 
addition, different filter settings are needed for these two types of AEP components, 
for which we used different EEG amplifiers. The total recording time in each 
recording period was limited to 22 minutes as indicated in Figure 10-1; typically, it 
was about 15 minutes. The exact moment and duration of each recording epoch was 
dependent on the absence of disturbances due to electrosurgery or the bypass pump. 

MLAEP 
2 min 

max 
90 

sec 

LLAEP 
10 minutes, max 15 minute§ 

---~max 22 minutes---------

Figure 10-1: Schematic representation of MLAEP and LLAEP recording epochs. 

An IBM-compatible 486 personal computer provided with a LabMaster analog-to
digital (AID) and digital-to-analog (DI A) converter (Scientific Solutions, Solon OH) 
was used for presentation of MLAEP and LLAEP stimuli, control of the oddball task 
and acquisition of all neurophysiological signals, as described in the next sections. 

10.2.3 LLAEP recording and processing 

LLAEP' s were recorded during passive auditory oddball tasks. For the baseline 
measurements, patients were instructed to ignore the stimuli. No specific instructions 
were given for the intraoperative recordings, because it was assumed that during 
anesthesia patients would not be able to direct their attention toward any of the 
stimuli. Two tones of different pitch were presented binaurally through Nicolet 
Tip-10 insert earphones. The tones were 100-msec bursts of a digitally stored sine 
wave of 70 dB sound pressure level (SpL), with rise and fall times of 10 msec. Eighty 
percent of the stimuli were "standard" 1000-Hz tones, and twenty percent were 
"deviant" 2000-Hz tones. The interstimulus interval was 1044 ms. During two 
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intraoperative oddball tasks (period 1 and 4) five one-syllable words were presented 
repeatedly intermixed with the two types of tones. In these tasks the words had a 
probability of 0.15, against 0.70 for the standard tones and 0.15 for the deviant tones. 
After the operation these words were tested for (covert) recognition, which will be 
reported in detail elsewhere [van Hooff et al., in preparation]. In the preoperative 
period, a total of 200 stimuli were presented. During surgery, 400 to 600 stimuli were 
presented to compensate fora poorer signal-to-noise ratio. 

For LLAEP processing, the raw electroencephalogram (EEG) was recorded from Ag
AgCl electrodes placed at Fz, Cz, Pz and two lateral positions CS and C6, located 
midway between T3-C3 and T4-C4 respectively. Linked pre-auricular points served 
as reference. Recording and averaging was clone as described before [Van Hooff et al., 
1995], with the exception of filtering and artifact detection. In this study, the EEG 
signals were digitally filtered using a 33-point finite-impulse response bandpass filter 
with -3 dB cut-off frequencies of 2.7 and 8 Hz. The criteria to detect an artifact were 
the occurrence of spikes greater than 110 }1 V, drift greater than 80 }1 V in a single trial, 
or a difference in De-level in successive 250-msec epochs larger than 60 vV. The mean 
number of trials composing LLAEP's in response to frequent tones, infrequent tones 
and words after artifact detection was 364 (SD=85), 87 (SD=23) and 73 (SD=14) 
respectively. 

Peak amplitudes were deterrnined for each individual waveform as being the most 
positive (for P1 and P2) and most negative (for Nl) values in selected time windows 
basedon the grand averages. P1 amplitudes were deterrnined relative to the 200-msec 
pre-stimulus baseline, and Nl and P2 were each deterrnined with respect to their 
preceding peak (P1N1 and N1P2 respectively). P3 was not recognizable as a clear 
peak during anesthesia, and was therefore not quantified. Criteria for peak 
amplitudes were specified and used to judge whether or not a clear Pl-Nl-P2 
complex could be distinguished in the individual intraoperalive recordings. Because 
LLAEP components were most clearly visible at Cz and because the recordings to 
frequent stimuli had the best signal-to-noise ratio, this was clone for the Cz electrode 
position and the LLAEP's to frequent tones only. When PlNl and N1P2 amplitudes 
were larger than their median amplitudes (1.46 JN and 1.73 vV respectively) and the 
correlation with an overall average waveforrn obtained by averaging all 
intraoperative LLAEP's was larger than 0.55 (calculated over the first 800 msec of the 
response after tone-onset), then the recording was judged to be a clear LLAEP 
response, that is, containing a recognizable Pl-Nl-P2 complex. 

10.2.4 MLAEP recording and processing 

For MLAEP processing the raw EEG was recorded from Cz-A1 and Cz-A2, each 
referenced to Fpz. Recording and filtering of the EEG was clone as described before 
[De Beer et al., 1995]. Auditory clicks were delivered with random interstimulus 
intervals according to a Poisson distribution, with an average stirnulation rate of 80 
clicks per second. When applying conventional averaging of the sweeps following an 
auditory click, this random distribution ensures that the effects of intedering stimuli 
will be equally distributed over the entire sweep, independent of the sweep length 
[Krausz, 1975; Cluitmans and Beneken, 1991]. This results inasmoothing of the effect 
of interfering stimuli. We chose a sweep length of 270 msec for averaging of the 
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MLAEP's in this study to ensure that component Ne could he detected if present. 
Automatic detection of artifacts [De Beer et al., 1995] was used to exclude sweeps 
containing artifacts from the averaging process. The MLAEP was not used in further 
processing if, because of the occurrence of artifacts, the total number of sweeps in the 
resulting average was lower than 3000 (corresponding to a net recording time of 38 
seconds). From the resulting averages the latency and amplitude of brainstem peak V 
and of midlatency peaks Na, Pa, Nb, Pb and Ne were determined. Brainstem peak V 
was used to check whether a response was actually present: if peak V could not be 
determined, the entire MLAEP waveform was not used in further processing. 

10.2.5 Processing of the spontaneous EEG 

The raw EEG recorded for MLAEP averaging was also used for speetral analysis, 
using the CCSA software package developed in our group [Van de Velde and 
Cluitmans, 1991]. Before calculation of the spectra, the EEG was digitally low-pass 
filtered using a 69-point moving average filter with a -3 dB cut-off frequency of 32Hz. 
Spectra were calculated from 8-second epochs using 2-second overlapping of epochs, 
and applying a Blackman time window to prevent spectralleakage. Detection and 
rejection of epochs from the filtered EEG that contained artifacts was done with the 
same algorithm as was used for detecting artifacts in the MLAEP. If the occurrence of 
artifacts caused the total number of remaining epochs for a specific recording to be 
lower than 6 (corresponding to a net recording time of 38 seconds), that recording 
was not used in further processing. The features derived from the calculated spectra 
were the median frequency, the 95% speetral edge frequency and the peak power 
frequency, and the percentage delta (0-4 Hz), theta (4-8Hz), alpha (8-14Hz) and beta 
(above 14 Hz) power. The resulting speetral features for each recording were 
averaged so that one set of EEG features remained for each set of MLAEP features. 

Because the raw EEG was high-pass filtered at 5 Hz to enhance the quality of the 
MLAEP recordings, the calculated speetral features will be higher than the values 
reported in the literature as being necessary for surgical anesthesia [Schwilden et al., 
1989; Vernon et al., 1992], especially for the median and peak power frequency. 
Percentage delta power will be lower in our study. 

10.2.6 Recording of blood pressure and tempersture 

The values of the mean arterial blood pressure (MAP) and nasopharyngeal 
temperature (T) were registered at the start and end of each MLAEP recording epoch. 
To avoid large physiological changes during the recordings, limits of acceptability 
were defined for the changes in MAP and T. When the difference in MAP and T 
values at the start and end of an MLAEP recording epoch exceeded the thresholds as 
indicated in the first row of Table 10-1, this MLAEP recording was excluded from 
further analysis. If neither MAP or T exceeded these thresholds, then for each MLAEP 
recording the average of the MAP and T values obtained at the start and end of this 
recording epoch were calculated to be included in further analysis. When the 
differences in these average MAP and T values for the MLAEP recordings before and 
after each LLAEP recording epoch exceeded the thresholds as indicated in the second 
row of Table 10-1, then this set of MLAEP and LLAEP recordings was excluded from 
further analysis. This criterion implies that sets of MLAEP and LLAEP recordings for 
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which there were no MAP or T values available, either before or after the LLAEP 
recording epoch, were also exduded from further analysis. 

Systolic and diastolic arterial pressure were not included in the analysis, because 
during bypass no observations for these variables were available. Heart rate was not 
included either, partly because during CPB heart rate is zero, and partly because 
several patients were paced after CPB. This implies that heart rate contains no 
relevant information in those situations. 

Table 10-1: Thresholds for mean arterial pressure (MAP) and nasopharyngeal 
temperature (T) for inclusion in the analysis3

• 

MAP {mmHg] T (!IC] 

Maxlmally allowed difference between values 30 
obtalned at start and end of MLAEP recordlog epoch 
Maxlmally allowed difference between values 30 5 
obtained before and alter LLAEP recordlog epoch 

10.2.7 Statistica! analysis 

The MLAEP and EEG measures, MAP and T (all recorded both before and aftereach 
LLAEP recording epoch) were tested for differences between recording epochs in 
which an LLAEP occurred and epochs in which no LLAEP occurred. We used 
Wilcoxon's rank sum test for this comparison because of the low number of 
observations in the group consisting of recording epochs in which a reliable LLAEP 
occurred. 

1 0.2.8 Predicting the occurrence of an LLAEP 

A discriminant analysis was used to examine whether it is possible to predict the 
occurrence of an LLAEP waveform in a specific recording epoch. Based on 
observations of MAP, T, and MLAEP and EEG features, a discriminant function was 
estimated that optimally separates the group of recording epochs in which an LLAEP 
occurred from the group of recording epochs in which no LLAEP occurred. 
Estimation of the optima} discriminant function was performed several times, using 
different sets of features. First, it was attempted to predict the occurrence of an 
LLAEP using only the observations for MAP and T obtained at the start of each 
recording epoch. More variables were induded for estimation of the discriminant 
function in subsequent analysis cydes. These added variables were the measures 
derived from the EEG (median, speetral edge and peak power frequency and 
percentages delta, theta, alpha and beta power) in the second cycle, the measures 
derived from the MLAEP (latendes and amplitudes of peaks V, Na, Pa, Nb, Pb and 
Ne) in the third cycle, and finally all MLAEP and EEG derived measures in the fourth 
cyde. These four cycles were repeated to also include the observations of the 
mentioned variables obtatned at the end of each recording epoch. 

'The threshold for changes in MAP wasbasedon the maximally allowed range for MAP during CPB 
(between 40 and 70 mmHg). The thresholds for changes in T were based on a maximally allowed 
cooling andrewarming rate of 0.5 °C/min. 
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In each cycle the discriminant analysis calculated the best linear combination of 
features from the total available data set by stepwise selection of variables. To prevent 
the resulting discriminant function from becoming difficult to interpret, we limited 
the number of variables to be induded in the discriminant function to 6 in each cycle. 
The performance of the resulting discriminant function was tested after each cycle to 
see whether its predictions agree with the actual occurrence of an LLAEP waveform. 
Because in this study we only had a limited amount of data available, we used the 
leave-one-out method for crossvalidation. This means that when we have N data 
points, the discriminant function is calculated from N-1 data points and subsequently 
tested on the one remaining data point. This is repeated N times so that each data 
point is used exactly once for testing. Performance was assessed in terros of 
sensitivity, specificity and accuracy. Sensitivity was defined as the fraction of epochs 
for which the occurrence of an LLAEP was correctly predicted by the discriminant 
function. Specificity was defined as the percentage of epochs for which the absence of 
an LLAEP was correctly predicted. Accuracy was defined as the percentage of epochs 
for which the occurrence or absence of an LLAEP was correctly predicted. 

1 0.3 Results 

In total, 176 LLAEP recordings could be obtained during the 41 operations of which 
44 were judged as containing a clear LLAEP wavefarm (25%). Most of these clear 
LLAEP's were recorded in the period before CPB, suggesting that perceptual 
processing predominantly occurred during this period. In Table 10-2 the total number 
of LLAEP recordings obtained during the various periods of surgery are summarized. 
This table also summarizes the number of recordings in each period of surgery for 
which both before and after the recording epoch complete observations for MLAEP, 
EEG, MAP and T were available. Of these remaining recordings, nine recording 
epochs obtained in nine different patients contained a dear LLAEP. 

Table 10-2: Number of LLAEP recordings in the various periods of surgery. The 
third and fourth column indicate the number of LLAEP recordings remaining after 
selecting those recordings for which bath before and after the recording epoch 
observations for MAP, T, MLAEP and EEG measures were present. 

nr. of recordlngs after selection 
total clear LLAEP total clearLLAEP 

Total 176 44 52 9 
beforeCPB 35 19 8 3 
at start of CPB 34 6 10 2 
during CPB 33 11 
at the end of CPB 34 11 4 1 
afterCPB 40 8 19 3 

Examples of baseline and intraoperative LLAEP waveforms are presented in Figure 
10-2. Compared to the preoperative LLAEP's, the intraoperalive recordings were 
delayed and more positive going. The Nl, typkal for the preoperative recordings, 
dropped to or below pre-stimulus baseline level during anesthesia. A P3 response 
was generally absent in the individual LLAEP traces. A more detailed description of 
the LLAEP results is presented elsewhere [van Hooff et aL, submitted]. Examples of 
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baseline and intraoperative MLAEP waveforms are presented in Figure 10-3. 
Compared to the baseline MLAEP waveforms, the intraoperalive MLAEP recordings 
showed longer latendes and smaller amplitudes. Compared to the baseline EEG 
measures, the intraoperative EEG measures showed a decrease in median, speetral 
edge and peak power frequencies, an increase in percentage delta and theta power, 
and a decrease in percentage beta power. 
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Figure 10-2: Examples of baseline (lejt) and intraaperative (right) LLAEP 
waveforms. The solid lines are the responses to the frequent stimuli, the dashed 
lines are the responses to the infrequent stimuli. Negativity is plotted upwards by 
convention. 
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Figure 10-3: Examples of baseline (left) and intraoperalive (right) MLAEP 
waveforms. Sealing of the axes is different from Figure 10-2. 

The mean values and SD of MLAEP and EEG features, mean arterial pressure and 
nasopharyngeal temperature obtained before and after LLAEP recording epochs are 
presented in Figure 10-4. Latendes of MLAEP peaks Pa and Nb were significantly 
shorter (p=0.050 and p=0.045 respectively) at the start of LLAEP recording epochs in 
which a clear LLAEP occurred, in comparison with recording epochs in which no 
clear LLAEP occurred. Latency of MLAEP peak Pa was significantly shorter (p=0.020) 
at the end of LLAEP recording epochs in which a clear LLAEP occurred, when 
compared to recording epochs in which no clear LLAEP occurred. Mean arterial 
pressure was significantly higher (p=0.042) at the end of LLAEP recording epochs in 
which a clear LLAEP occurred, in comparison with recording epochs in which no 
dear LLAEP occurred. 
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llSm P1-N1·P2 absent ~ P1-N1-P2present llSm P1·N1·P2 absent ~ P1-N1-P2presenl 

V Na Pa Nb Pb Ne V Na Pa Nb Pb Ne 

(a) (b) 

llSm P1·N1·P2 absent ~ P1·N1·P2present ~ P1-N1-P2absent ~ P1-N1-P2present 

V Na Pa Nb Pb Ne V Na Pa Nb Pb Ne 

(e) (d) 

~ P1-N1-P2absent ~ P1·N1-P2present ~ P1·N1-P2absent ~ P1-N1-P2present 
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Figure 10-4: Mean values and SD of MLAEP and EEG measures, mean arterial 
blood pressure (MAP) and nasopharyngeal temperature (T). Left column: MLAEP 
and EEG measures obtained befare LLAEP recording epochs. Right column: 
MLAEP and EEG measures obtained after LLAEP recording epoch. First row: 
MLAEP peak latencies. Second row: MLAEP peak amplitudes. Third row: EEG 
speetral features, MAP and T. *· statistically significant difference between 
recording periods (Wilcoxon rank sum test, p<O.OS). 
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The variables used in the discriminant function and its performance in predicting the 
occurrence of an LLAEP are summarized in Table 10-3. Adding only EEG features to 
the discriminant function could not imprave the performance of the discriminant 
function beyond the performance of using only mean arterial pressure. Adding 
features from the MLAEP to the discriminant function improved specificity, that is, 
the correct prediction of absence of an LLAEP waveform. Adding features from both 
the MLAEP and EEG improved sensitivity and specificity. Using MLAEP and EEG 
measures obtained both at the start and end of LLAEP recording epochs mainly 
improved sensitivity, that is, the correct prediction of presence of an LLAEP 
waveform, when compared to using only variables obtained at the start of LLAEP 
recording periods. 

Table lQ-3: Performance in terms of sensitivity, specificity and accuracy of 
different combinations of types of measured variables to predict the occurrence of an 

, LLAEP. The ftrst column indicates the group of variables available to the 
discriminant analysis, the second column indicates which of these variables were 
actually selected, in order of importance. 

variabie group variables used in sens. spec. acc. 
discriminant tunetion [%] [%] [%] 

obtained before LLAEP recording epoch 

MAP+T MAP 67 54 56 
MAP+ T +EEG MAP 67 54 56 
MAP + T + MLAEP lat Nb, MAP, amp V, 67 74 73 

amp Pb, amp Ne 
MAP+ T + MLAEP + EEG lat Nb, beta, amp Ne, 78 84 83 

amp V, MAP, sef 

obtalned before (b) or aftar (a) LLAEP recordlng epoch 

MAP+ T MAP (a) 56 63 62 
MAP+ T + EEG MAP (a) 56 63 62 
MAP+ T + MLAEP lat Pa (a), amp Ne (b), 78 81 81 

MAP (a), amp V (b), amp V (a), lat V (b) 
MAP + T + MLAEP + EEG lat Pa (a), beta (b), amp V (b), 89 86 87 

amp V (a), amp Ne (b), sef (b) 

10.4 Discussion 

The hypothesis underlying the present study was that MLAEP measures can predict 
the occurrence of LLAEP components during general anesthesia. Our basic 
assumption is that the occurrence of LLAEP components can be taken as the earliest 
evidence for perceptual processing. It has been demonstrated that the N1 and P2 
components reflect some level of perception [Picton et al., 1974; Näätänen and Picton, 
1987] and that P3 reflects controlled stimulus processing and target detection 
[Pritchard, 1981; Picton, 1992]. These LLAEP components have in common that they 
are sensitive to the subjects' psychological state, that is, their amplitude and latency 
vary with attention, sleep or anesthesia [Näätänen and Mitchie, 1979; CampbeU et al., 
1992; Plourde et al., 1993; Van Hooff et al., 1995]. 
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When using an interstimulus interval of 1 second, and presenting a minimum of 200 
stimuli (160 frequent and 40 infrequent stimuli), LLAEP recording during anesthesia 
would require three minutes at the very least. Therefore, LLAEP's themselves can not 
he used for monitoring purposes, because rapid fluctuations in anesthetic state cannot 
be detected. Instead, LLAEP's can he used as a reference measure, providing 
information as to whether auditory information processing actually occurs. If 
measures more suitable for monitoring, such as MLAEP components or speetral EEG 
measures, were to appear to be predictive with respect to the occurrence of LLAEP's, 
this would be strong evidence for the utility of these measures. It has been suggested 
that the recording of MLAEP components also has the drawback that a relatively long 
acquisition time is needed [Munglani, 1993]. A study by van de Velde et al. [1993] 
showed, however, that using random presentation of auditory stimuli, as was used in 
this study, may result in the acquisition of acceptable MLAEP wavefarms within 40 to 
60 seconds. 

10.4.1 Occurrence of LLAEP waveforms 

In agreement with our previous study [Van Hooff et aL, 1995], a P3 could not he 
observed in the individuat intraoperalive recordings, indicating that it is not likely 
that patients had actual awareness for the stimuli. Anesthetic concentrations of 
fentanyl/isoflurane also suppressed the occurrence of a P3 response [Plourde and 
Picton, 1991]. So far, only Plourde et al. [1993] claimed to have observed a P3 
subcomponent (P3a) during some periods of cardiac surgery with sufentanil 
anesthesia. Although the P3 is frequently promoted as being a promising measure to 
detect intraoperalive awareness, it seems too easily abolished by surgical anesthesia. 
Therefore, the presence of earlier LLAEP components, reflecting early perceptual 
processes (presumably automatically), was taken as a reference measure in the 
present study. A clear P1-N1-P2 complex was present in 25% of the intraoperative 
recordings. At first sight, this seems only a small proportion of all intraoperative 
recordings. However, these clear LLAEP's were recorded in 28 of the 41 patients, 
indicating that in 68% of all patients auditory processing persisted during some 
period of surgery. 

Unfortunately, notall obtained LLAEP's were preceded and followed by MLAEP and 
EEG recordings within the imposed time limit of 90 seconds. This was due to 
restrictions imposed by external disturbances (e.g., electrosurgery), sudden changes 
during the operation (e.g., onset of CPB) and anesthetic or surgical intervention (e.g., 
defibrillation). Additionally, considerable effort was made to avoid large 
physiological changes during each series of recordings. After application of criteria to 
ensure the continuity of nasopharyngeal temperature and mean arterial blood 
pressure, 52 recording epochs, each comprising a series of MLAEP, LLAEP and 
MLAEP recordings as indicated in Figure 10-1, remained for further analysis. From 
these 52 recordings, 9 were judged as containing a clear LLAEP wavefarm (17%). 

1 0.4.2 Predictive value of MLAEP and EEG measures 

Pa and Nb latencies were shorter and MAP was higher when they were recorded 
close to LLAEP recording epochs comprising a clear LLAEP waveform than when 
they were recorded close to LLAEP recording epochs comprising no reliable LLAEP 
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waveform (see Figure 10-4). This suggests a possible relationship between these 
measures and the presence of LLAEP components, that is, the ability of higher level 
processing. This suggestion is supported by earlier observations of Thorr1ton et al. 
[1989a] and Schwender et al. [1994b], as described above. The predictive quality of Pa 
and Nb latendes in addition to MAP can further be derived from the fact that one or 
the other of them was always selected first in the discriminant functions. Because both 
variables are highly correlated they were not simultaneously selected by the 
discriminant analysis. MLAEP amplitudes, speetral EEG measures and 
nasopharyngeal temperature . were not significantly different, whether or not the 
nearby LLAEP recording epochs comprised a clear LLAEP waveform. Nevertheless, 
discriminant analysis revealed that some of these variables in combination had 
predictive value with respect to the occurrence of clear LLAEP waveforms. 

The results of our study indicate that both MLAEP and EEG measures may be used 
for predicting the occurrence of perceptual processing during anesthesia. We found 
an accuracy of 87% in predicting the occurrence of an LLAEP waveform within a 
limited period of time, using MLAEP and EEG measures obtained at the start and end 
of that period of time. Accuracy was still 83% when only data obtained before the 
actual occurrence of an LLAEP waveform was used for this prediction. 

10.4.3 Conclusions 

In the present study we used LLAEP components for assessment of perceptual 
processing. The advantages of this technique are that it may also be used during 
longer periods of surgery, and that perceptual processing is assessed at the time it 
occurs. We conclude that the results of our study give additional support for the 
notion that the MLAEP and (to a lesser extent) the EEG may be used for assessing 
perceptual processing during anesthesia. This may improve the conventional 
assessment of the risk for awareness based on clinical signs such as blood pressure 
and heart rate. 
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Separating pain and consciousness: 
application of principal factor analysis to the 

auditory evoked potential and EEG for 
monitoringdepthof anesthesia 

NAM de Beer, JC van Hooft, PJM Cluitmans, HHM Korsten 

Objective. Our goal was to investigate possible relationships between midlatency auditory evoked 
potentials (AEP's) and EEG measures for monitoringdepthof anesthesia, with the aim of reducing the 
number of variables by removing interdependencies. Methods. Two experiments were carried out. In 
a pilotstudy, EEG and AEP's were recorded in 12 patients undergoing cardiac surgery. The main 
study comprised 41 patients. Latendes and amplitudes of AEP peaks V, Na, Pa, Nb, Pb and Ne were 
determined. The median, speetral edge and peak power frequency and the percentages delta, theta, 
alpha and beta power were calculated from the EEG spectrum. Mean arterial blood pressure (MAP) 
and nasopharyngeal temperature (T) were also measured in the main study. A principal factor 
analysis (PFA) was applied to the combined AEP, EEG, MAP and T measures obtained throughout 
surgery. The extracted factors were stuclied in relation to plasma concentrations of the administered 
anesthetics, response to incision and sternotomy, and perceptual processing. Results. Five 
independent factors were found in the pilot study. Six factors were found in the main study. Of these 
factors, two were associated with changes in nasopharyngeal temperature. The othèr factors were 
described by the AEP latencies, the amplitudes of AEP early to middle latency components, the 
amplitudes of AEP middle to long latency components and the EEG speetral features. A correlation 
was found between factor scores and plasma concentrations of the administered anesthetics. 
Significant differences in factor scores were found between presence or absence of a response to 
incision, and between presence or absence of long latency AEP components. Conclusions. PFA 
provides a rational way of constructing composite variables from AEP and EEG measures. In 
addition, individual factors may be interpreted as being related to either a hypnotic or an analgesie 
effect of anesthesia. 
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11.1 Introduetion 

Sufficient anesthetic agents should be administered to meet the aim of anesthesia: 
analgesia, muscle relaxation, unconsciousness and homeostasis. Although amounts of 
anesthetk agents can be measured as plasma concentrations or expired concen
trations, patients may react differently to similar levels of anesthetk agents. 
Therefore, a search for measures descrihing the effects of anesthesia rather than the 
administered dose is warranted. Because the effects of anesthesia are mainly located 
in the brain, it seems logkal to abserve brain activity, either spontaneous in the 
electroencephalogram (EEG), or evoked by sensory stimuli in the auditory evoked 
potential (AEP). Previous research has come up with a series of useful features from 
the EEG [De Beer et al., 1992; Dutton et al., 1990; Kearse et al., 1994; Kochs et al., 1994; 
Sebel et al., 1993; Vernon et al., 1992] and from the AEP [Chassard et al., 1989; 
Cluitmans, 1990; De Beer et al., 1994; Heneghan et al., 1987; Schwender et al., 1993c, 
1994a, 1994b; Thornton et al., 1988, 1989a, 1991]. As a logkal next step, we wanted to 
study possible relationships between these features and, if present, to find a small 
number of factors combining features with certain weights as best to monitor. 

In the study described in this chapter we analyzed bath the EEG and the AEP by 
applying a principal factor analysis (PFA) to the combined EEG and AEP measures 
tagether with measurements of mean arterial blood pressure (MAP) and 
nasopharyngeal temperature (T). The purpose of a PFA (see Chapter 6) is to reduce a 
large number of measured variables to a smaller number of so-called latent or 
composite variables or factors that may be interpreted as underlying effects. Although 
it has been attempted befare to derive an anesthetic depth monitor from a 
combination of variables using a discriminant analysis [Kearse et al., 1994], the 
composite variables resulting from a discriminant analysis may be diffkult to 
interpret This is because the discriminant analysis may combine variables that 
measure completely different phenomena into one composite variable. In addition, 
the actual composite variabie resulting from a discriminant analysis depends on the 
definition of anesthesia used to define different levels of anesthesia. We hypothesized 
that a combination of features suggested by the data (such as the results of a PFA) 
may be easier to interpret physiologkally, because a PFA builds composite variables 
from variables that are already correlated, and are therefore likely to measure similar 
phenomena. Furthermore, a PF A does nat require a definition for different levels of 
anesthesia in advance. 

Two experiments will be described here. In the first experiment (the pilot study), a 
principal factor analysis was applied to a combination of EEG and AEP measures. The 
purpose of this pilot study was to answer the question whether the results of a 
principal factor analysis are consistent with results from previous studies. In the 
second experiment (the main study), more patients were studied. The purposes of the 
main study were: 
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• Confirming the factors extracted from the pilot study; 
• Refining these factors by including measurements of arterial blood pressure 

and temperature; 
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• Studying the relationship between the extracted factors and clinical signs of 
anesthesia, such as drug concentrations, response to incision, and perceptual 
processing. 

11.2 Methods 

11.2.1 Patlents 

Both the pilot study and the main study were performed at the Catharina Hospita} 
Eindhoven, and were approved by the local Medica! Ethics Committee (Protocol 
"Detectie van Awareness tijdens anaesthesie met behulp van auditieve evoked 
potentials" METC92/0-87, reviewed July 7, 1992). For the pilot study, informed 
consent was obtained from 12 patients (10 male, 2 female) undergoing cardiac 
surgery. The age of these patients ranged from 44 to 74, with a mean of 63. One 
patient underwent an aortic valve replacement, the other 11 underwent coronary 
artery bypass grafting. For the main study, informed consent was obtained from 41 
patients (34 male, 7 female) undergoing cardiac surgery. The age of these patients 
ranged from 38 to 74, with a mean of 59. Two of these patients underwent aortic valve 
replacement, the other 39 underwent coronary artery bypass grafting. 

Patients were premedicaled approximately two hours before surgery with morphine 
subcutaneous 10 mg, except for one patient in the pilotstudy who received lorazepam 
1 mg. Total intravenous anesthesia with propofol and alfentanil was used. Anesthesia 
was induced with a loading dose of propofol 2 mg/kg and alfentanil 100 pg/kg, 
given in 12 minutes. After these 12 minutes anesthesia was continued with rates of 
propofol 8 mg/kg/hr and alfentanil 4 pg/kg/min for 10 minutes, then propofol 6 
mg/kg/hr and alfentanil 3 pg/kg/min for again 10 minutes and finally propofol 4 
mg/kg/hr and alfentanil 2 pg/kg/min for the remainder of the operation. 
Pancuronium 8 mg was used to facilitate intubation. Additional pancuronium 8 mg 
was given at the start of cardiopulmonary bypass (CPB). During CPB, hypothermia to 
32 oe was applied. The lungs were mechanically ventilated with air and oxygen to 
keep end-tidal C02 at 4 kPa. Oxygen saturation was continuously monitored. 
Increases in arterial blood pressure were counteracted with nitroglycerin or ketensine; 
decreases, with administration of intravenous fluids, calcium, or inotropic drugs 
together with reduced doses of propofol and alfentanil. 

11.2.2 Recording and processing of the AEP 

The raw EEG was recorded from Cz-Al and Cz-A2, each referenced to Fpz. Electrode 
impedance was kept below 3 k.Q. The EEG was amplified and bandpass filtered 
between 5 and 1500 Hz (-3 dB cut-off frequencies) using a Nicolet HGA-200A 
preamplifier and a Nicolet NIC-501A amplifier/filter. The EEG wassampledat 5 kHz 
and stored using a LabMaster AD converter and an IBM-compatible 486 33 MHz 
Personal Computer. Auditory stimulation for the evoked potentials was performed 
with monaural lOO-psec rarefaction clicks at 75 dB SpL, and contralateral white 
masking noise at 45 dB SpL. Clicks and noise were produced using a Nicolet 1007 
stimulus controller and delivered to the patient through Nicolet Tip-10 earphones. 
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During each recording in the pilot study a total of 1000 clicks were presented with a 
stimulation rate of 11.1 clicks/sec, resulting in a sweep lengthof 90 msec. In the main 
study, a total of 10,000 clicks were presented with random interstimulus intervals 
(according to a Poisson distribution) with an average presentation rate of 80 
clicks/sec. The Poisson distribution ensures that the effect of interfering stimuli will 
be equally distributed over the entire sweep, independent of the sweep length 
[Krausz, 1975; Cerutti et aL, in press]. We chose a sweep lengthof 270 msec for the 
analysis of the AEP's recorded in this way in the main study to ensure that 
component Ne eould be deteeted if present. 

A baseline recording was made before the patient was premedicated. AEP's were 
recorded approximately every 15 minutes during surgery in the pilot study, and 
approximately every 10 minutes in the main study. The AEP wavefarms were 
ealculated off-line from the raw EEG, using conventional averaging of the 90-msec 
(pilotstudy) or 270-msec (main study) sweeps following an auditory click. 

In the pilot study all recorded EEG's were visually inspected for artifaets from 
electrosurgery and interference from the bypass pump. The criteria for identifying 
artifacts during this visual inspeetion were extreme amplitudes, high frequency bursts 
and the occurrence of large spikes in the raw EEG. Signal periods containing such 
artifacts were not used in the averaging process for the AEP. In the main study we 
used automatic detection of artifacts [De Beer et al., 1995] to exclude sweeps 
containing artifacts from the averaging process. From the resulting averages the 
latency and amplitude of brainstem peak V and of middle latency peaks Na, Pa, Nb 
were determined. In the main study middle latency peaks Pb and Ne were also 
determined. The peaks were determined using a combination of automatic recogni
tion of MLAEP peaks by an artificial neural network [Van Gils and Cluitmans, sub
mitted] and evaluation by a human observer. The neural network assessed the 
location of the peaks, and the visual evaluation consisted of checking whether the 
observer agreed with the choice of the neural networkin 'difficult' cases. In most 
cases, this meant checking whether an auditory response was present at all. This is 
because the neural network always reports a location, even in waveforms where no 
clear brainstem response is present. 

Brainstem peak V was used to check whether a response was actually present: if peak 
V could not be determined, the entire AEP was not used in further processing. The 
AEP was also not used in further processing if, because of the occurrence of artifacts, 
the total number of sweeps in the resulting average was lower than 500 in the pilot 
study (corresponding toa recording time of 45 seconds) or 3000 in the main study 
(corresponding to a recording time of 38 seconds). In the pilot study the digitized 
EEG was high-pass filtered using 333-p.oint FIR filter with a -3 dB cut-off frequency of 
16 Hz prior to averaging the recorded AEP1 s in order to enhance the visibility of 
middle latency components Pa and Nb. In the main study this type of filtering was 
not used, because it greatly redueed the visibility of the slower middle latency 
components Pb and Ne. These components were not analyzed in the pilotstudy. 

11.2.3 Processing of the EEG 

The raw EEG recorded for AEP averaging was also used for speetral analysis, using 
the CCSA software package developed in our group [Van de Velde and Cluitmans, 
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1991]. Before calculation of the spectra, the EEG was digitally low-pass fittered at 32 
Hz (-3 dB cut-off frequency), using a 69-point moving average filter. In the main 
study, detection and rejection of epochs from the filtered EEG containing artifacts was 
done using the same algorithm as was used for detecting artifacts in the AEP. In the 
pilot study the signal periods that were exduded from the AEP averaging were also 
exduded from the speetral analysis. Spectra were calculated from 8-second epochs 
using 2-second overlapping of epochs, and applying a Blackman time window to 
prevent speetral leakage. The features derived from the cakulated spectra were the 
median (MPF), 95% speetral edge (SEF) and peak power frequency (PPF), and the 
percentages delta (0-4 Hz), theta (4-8 Hz), alpha (8-14 Hz) and beta (above 14 Hz) 
power. The resulting speetral features for each recording were averaged so that one 
set of EEG features remained for each set of AEP features. If the occurrence of artifacts 
caused the total number of epochs included in this averaging to he lower than 6 
(corresponding toa recording time of 38 seconds), that set of EEG features was not 
used in further processing. In the pilot study this criterion was not used. Instead, a set 
of EEG features was included even if the total number of epochs was lower than 6. 

BeC'ause the raw EEG recorded for averaging the AEP was also used for speetral 
analysis, the speetral analysis was in fact performed on the EEG signal with the 
evoked potentlal superimposed. However, the power in the evoked potentlal is at 
least one-hundred times smaller than the power in the spontaneous EEG. Therefore, 
we assumed that the power of the evoked potentlal can he ignored. A related point is 
that the spontaneous EEG may he influenced by the simultaneously presented 
auditory stimulation. We compared the EEG during auditory stimulation with the 
EEG when no auditory stimulatiori was presented in several patients. It was found 
that during auditory stimulation, the median and peak power frequencies and 
percentage alpha power tended to he higher, while percentage theta power tended to 
be lower, compared to the values without auditory stimulation. This suggests an 
arousing effect of auditory stimulation. 

11.2.4 Recording of blood pressure and tempersture 

Heart rate, blood pressure and temperature data were excluded from the factor 
analysis in the pilot study for two reasons. First, because the baseline recordings were 
made befare the patient was premedicated, it was not possible to obtain 
nasopharyngeal temperature and arterial blood pressure data during baseline 
recordings. This means that induding these variables in the factor analysis would 
result in excluding all baseline recordings from the analysis, because no missing 
values are allowed in a principal factor analysis. Second, the number of variables 
analyzed is already quite high (15) when compared to the number of observations 
available (81) in the pilotstudy. This ratio would have become worse with inclusion 
of physiologic data. 

the values of the mean arterial blood pressure (MAP) and nasopharyngeal 
temperature (T) were registered in the main study at the start and end of each AEP 
recording. When the difference in MAP values at the start and end of a recording 
exceeded 30 mmHg, the recording was excluded from further analysis. A recording 
was also exduded from further analysis if the difference in nasopharyngeal 
temperatures at the start and end of the recording was larger than 1 °C. If neither 
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MAP or T exceeded these thresholds, then for each recording the average of the MAP 
and T values reearcled at the start and end of this recording were calculated for 
inclusion in further analysis. Systolic and diastolic arterial pressure were not included 
in the analysis, because during CPB no observations for these variables were 
available. Heart rate was not induded either, partly because during CPB heart rate is 
zero, and partly because several patients were paced after CPB. This implies that 
heart ra te contains no relevant information.in those situations. 

11.2.5 Statistica! analysis 

A principal factor analysis using SAS© PROC FACTOR [SAS Institute Inc., 1988] on 
the AEP and EEG features was performed, foliowed by varimax rotation of the 
extracted factors. The prior communality estimates for each variabie were set at the 
maximum absolute correlation of the variabie with any other variable. The number of 
factors toretainwas determined from the scree plot. More details on the theory of 
PFA can be found in Chapter 6. 

As was mentioned before, it was not possible to obtain the arterial blood pressure and 
nasopharyngeal temperature during the baseline recordings. To prevent the baseline 
recordings from having to be exduded from the analysis because of missing data, the 
factor analysis was clone twice on the data from the main study: once on all AEP and 
EEG features without using the observations for MAP and T and a second time on the 
AEP and EEG features, tagether with MAP and T values. The baseline recordings are 
automatically exduded from the second analysis, becausè no observations for MAP 
and T are available for these recordings. 

11.3 Results 

11.3.1 Pilot study 

In the pilotstudy we recorded a total of 134 AEP's. Peak V could be reliably detected 
in 97 of these. The number of complete observations (values for latendes and 
amplitudes of peaks V, Na, Pa and Nb and speetral features from the EEG present) 
included in the PFA was 81 (including the baseline recordings). Examples of an AEP 
baseline and intraoperalive recording from the pilot study are presenled in Figure 
11-1. 

Figure 11-2 presents the scree plot used todetermine the number of factors to retain. 
From this scree plot it was determined that 5 factors should be retained in the 
analysis. It should be noted that the number of patients in the pilot study is small {12) 
compared to bath the number of factors extracted (5) and the number of variables 
included in the analysis (15). Furthermore, application of the criterion that only 
factors with an eigenvalue larger than 1 should be retained would result in only 4 
factors. Therefore one should be very careful in interpreting the higher-numbered 
factors, since they may be chance occurrences. · 
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Figure 11-1: Examples of an AEP baseline (left graph) and intraoperative recording 
(right graph) from the pilotstudy. 

The factors extracted from the pilot study data will be denoted P1 to PS. Only the 
ipsilateral results will be presented, because the contralateral results were comparable 
except for a swapping of factors P2 and P3 contralateraL This swapping was caused 
by slight differences in the relative importance of the extracted factors between ipsi
and contralateral data. The extracted factor pattem is presented in Figure 11-3. On the 
vertical axis in this graph the factor loadings are displayed. A factor loading for a 
variabie on a factor is the correlation of the variabie with that specific factor. Factor 
loadings exceeding the root mean square value of all factor loadings (indicated by 
dashed lines in Figure 11-3) are considered to be high. An extracted factor is said to 
be described by the variables having high loadings on that factor. The final 
communality estimates, indicating the amount of common varianee for each of the 
AEP and EEG variables, are presented in Table 11-1. 

eigenval u a 

# eigenvalue 

Figure 11-2: Scree plot to determine the number of factors to retain in the analysis 
of the data from the pilot study. The dotted line is a straight line through 
eigenvalues 2 and 5. 
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Figure 11-3: Pattem of the pilot study factor loadings. The dashed lines indicate 
plus and minus 0.38, the root mean square of all factor loadings in the analysis. 

Table 11-1: Final communality estimates, indicating the amount of common 
varianee for each of the AEP and EEG variables in the pilot study. 

AEP variables 

latencies amplitudes 
V Na Pa Nb V Na Pa Nb 

0.495 0.687 0.869 0.819 0.410 0.778 0.848 0.574 

EEG speetral features 

MPF SEF PPF delta theta al ph a bet a 

0.956 0.721 0.905 0.488 0.914 0.609 0.951 

11.3.2 Main study 

A total of 904 intraoperative recordings and 41 baseline recordings were obtained in 
the main study. After automatic detection of artifacts in the raw EEG, and visual 
inspeetion of the AEP waveforms for presence of brainstem peak V, 496 intraoperative 
and 41 baseline recordings remained for further analysis. Examples of an AEP 
baseline and intraoperative recording are presented in Figure 11-4. 

After exclusion of those recordings for which there was a change in MAP during the 
recording larger than 30 mmHg or a change in nasopharyngeal temperature larger 
than 1 °C, a total of 425 intraoperative . and 41 baseline recordings remained for 
inclusion in the PFA. Only the results for the contralateral recordings will be 
presented. The ipsilateral results are comparable, but we preferred contralateral over 
ipsilateral because there were more observations available for the contralateral 
recordings. This was because the contralateral recordings were less contaminated by 
artifaets than the ipsilateral recordings. In the pilot study there was no difference in 
the number of observations between ipsi- and contralateral recordings, because the 
described visual inspeetion of the EEG for artifaets was done on both channels 
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Figure 11-4: Examples of an AEP baseline (left graph) and intraoperalive recording 
(right graph) from the main study. 

simultaneously. The automatic detection of artifacts used in the main study was 
performed on each channel separately. 

Figure 11-5 presents the scree plots used to determine the number of factors to retain. 
The left graph in this figure presents the eigenvalues from the analysis using only 
features from the AEP and EEG. The right graph presents the eigenvalues from the 
analysis that also included the values for MAP and T, which thereby implicitly 
excluded the baseline recordings. From these scree plots it was concluded that 5 
factors should be retained for the analysis including the baseline recordings and 6 for 
the analysis including the observations forMAPand T. 

The factors extracted from the main study data using only the AEP and EEG features 
will be denoted Fl to F5. The factors extracted from the main study data including the 
observations for MAP and T, thus excluding the baseline recordings, will be denoted 
Gl to G6. The extracted factor patterns are presented in Figure 11-6 for Fl to F5 and in 
Figure 11-7 for Gl to G6, similar to the presentation of the factor patterns from the 
pilotstudy. 

# elgenvalue # elgenvalue 

Figure 11-5: Scree plots to determine the number of factors to retain in the analysis 
of the data from the main study. Left graph: eigenvalues from the analysis using 
only the AEP and EEG features. The dotted line is 1!1 straight line through 
eigenvalues 2 and 5. Right graph: eigenvalues from the analysis also including the 
observations for MAP and T, thus excluding the baseline recordings. The dotled 
fine is a straight line through eigenvalues 2 and 6. 
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Figure 11-6: Pattem of the main study Jactor loadings for the analysis using only 
the AEP and EEG features. The dashed lines indicate plus and minus 0.37, the root 
mean square of all factor loadings in this analysis. 
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Figure 11-7: Pattem of the main study factor loadings for the analysis including 
the observations for MAP and T, thereby excluding the baseline recordings. The 
dashed lines indicate plus and minus 0.34, the root mean square of all Jactor 
loadings in this analysis. 

In Table 11-2 the correspondence between the two factor pattemsis presented. The 
main difference between the two factor pattems is that factor F1 from the analysis 
including the baseline recordings splits into two factors G2 and G4 when the 
observations for MAP and T are included in the analysis. In Figure 11-8 the factor 
patterns for both analyses are presented superimposed, to show the similarities 
between the two patterns. Factor F1 is included twice in this graph, once 
superimposed on G2 and once superimposed on G4. From this figure one can see that 
F1 partly overlaps with G2 and partly with G4. The final communality estimates, 
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indicating the amount of common varianee for each of the measured variables, are 
presented in Table 11-3. 

Table 11-2: Correspondence between factor patterns F1 to FS and G1 to G6 from 
the main study. 

Factors including baseline recordings, 
thus excluding MAP & T 

F1 (latencies V Na Pa Nb Pb Ne) 

F2 (mpf ppf ö e ct) 
F3 (mpf sef ~) 
F4 (amplitudes V Na Pa Nb) 
F5 (amplitudes Nb Pb Ne) 

F1 G2 

F1 G4 

F2 G1 

F3 G3 

F4 G6 

F5 G5 

latendes amplitudes 

Corresponding factors 
when including MAP & T 

G2 (latencies Pa Nb Pb Ne) and 
G4 (lateneies V Na Pa Nb & T) 
G1 (mpf ppf o 9 ct) 
G3 (mpf sef ~ T & latency V) 
G6 (amplitudes V Na Pa Nb) 
G5 (amplitudes Pb and Ne) 

. ·~ 

.... 

Figure 11-8: Patterns ofthe main study factor loadings from Figures 11-6 and 11-7 
superimposed. Solid lines: factor loadings for the analysis using only the AEP and 
EEG features {Fl to FS). Dashed lines: factor loadings for the analysis including 
the observations forMAPand T, thereby excluding the baseline recordings (G1 to 
G6). 
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Table 11-3: Final communality estimates, indicating the amount of common 
varianee for each of the measured variables in the main study. Baseline: 
communality estimates from the analysis including the baseline recordings, thus 
excluding MAP and T. No baseline: communality estimates from the analysis 
including MAP and T. 

AEP features 

V Na Pa Nb Pb Ne 

baseline 0.289 0.455 0.720 0.842 0.790 0.681 
nobaseline 0.658 0.519 0.714 0.801 0.880 0.765 

amplitudes 
V Na Pa Nb Pb Ne 

baseline 0.189 0.710 0.793 0.712 0.804 0.693 
no baseline 0.311 0.543 0.482 0.402 0.823 0.709 

EEG speetral features 

MPF SEF PPF delta theta alp ha bet a 
baseline 0.914 0.833 0.826 0.485 0.855 0.837 0.900 
no baseline 0.923 0.825 0.836 0.537 0.890 0.898 0.865 

Otherdata 

baseline 
nobaseline 0.205 0.724 

11.4 Discussion of the extracted factors 

11.4.1 Pilot 

The results from the pilot study suggest that four or possibly five effects that are 
present in anesthesia are reflected in the measured EEG and AEP variables. It was 
noted before that care should be taken in interpreting the higher-numbered factors, 
because the number of patients in this pilot study is small compared to both the 
number of extracted factors and the number of variables included in the analysis. Had 
we used the criterion of only retaining those factors with an eigenvalue larger than 1, 
only 4 factors would have been retained. Therefore, we will consider factors 4 and S 
together. Because the extracted factors are orthogonal, this is a valid course of action. 

The extracted factors from the pilot study data consisted of two factors described by 
the latendes (P2) and amplitudes (P3) of the AEP, one factor described by a 
combination of EEG measures (P1), and two factors described by both AEP and EEG 
measures (P4 and PS). Although the results of the PFA themselves cannot be used to 
support any given interpretation of the extracted factors, our results are consistent 
with previous studies. Factors P4 and PS (which are treated here as repreaenting one 
effect) may reflect the effect of hypothermia during cardiopulmonary bypass on the 
AEP and EEG. This is suggested by the increase in peak V latency associated with 
these factors. It has been shown before that peak V latency is affected very little by 
intravenous anesthetics [Thornton et al., 198S, 1986], but peak V latency may increase 
with hypothermia (Kileny et aL, 1983]. Factors P2 and P3 suggest that there are 
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separate effects in the latendes and amplitudes of the AEP. The effect of anesthesia on 
the AEP latendes, described by factor P2, is consistent with results from other studies 
[Heneghan et al., 1987; Chassard et al., 1989; Cluitmans et al., 1990; Thomton, 1990]. 
Theseparate effect on AEP amplitudes was also observed by Thomton et al. [1988]. 
They found that surgical stimulation can reverse the effect of anesthesia on the AEP 
amplitudes without affecting the AEP latendes. The separate factor described by the 
EEG speetral features (P1) suggests that the effect of anesthesia on the EEG is different 
from the effect on the AEP latendes and amplitudes. A possible explanation for this is 
the biphasic behavior of EEG speetral features [Forrest et al., 1994]. This means that in 
comparison to baseline levels, the EEG speetral features increase during light 
anesthesia and then decrease with further increases in anesthetic dosage. 

11.4.2 Main study 

The purpose of the main study described in this chapter was to confirm the factors 
extracted from the pilotstudy data, and refine these factors by including temperature 
and blood pressure data. Because a prindpal factor analysis in itself supplies noproof 
for possible interpretations of the extracted factors, these interpretations should he 
validated by studyingthe scores on the extracted factors in relation to clinical signs of 
anesthesia. This will he discussed inSection 11.5. 

The factor analysis on the data from the main study resulted in five effects when 
excluding MAP and T from the analysis, and in six effects when MAP and T were 
induded. Because the extracted factor patterns only differed in the sense that one 
factor from the first analysis split into two factors in the second analysis, only the 
results from the second analysis (including the observations for MAP and T, thereby 
excluding the baseline recordings) will he discussed here. 

Two of the extracted factors (G3 and G4) were related to changes in nasopharyngeal 
temperature. The other effects were a change in the latendes of AEP middle to long 
latency components Pa to Ne (G2), changes in the amplitudes of AEP components V 
to Nb (G6) and of AEP components Nb to Ne (GS), and a change in EEG speetral 
features (G1). Of particular interest is our result that latency changes in the AEP early 
to middle latency components V to Nb in factor G4 were assodated with changes in 
nasopharyngeal temperature, while the AEP middle to long latency components Pa to 
Ne in factor G2 also showed changes independent of changes in temperature. The 
effect of anesthesia on the AEP middle latency components has been described before 
[Heneghan et al., 1987; Chassard et al., 1989; Cluitmans et al., 1990; Thomton, 1990], 
and this is consistent with factor P2 from the pilot study. However, the later 
components Pb and Ne have not in the past been well stuclied during anesthesia. Our 
results seem to indicate that changes in these later components are mainly caused by 
effects other thah changes in body temperature. 

Similar to the results from the pilotstudy, in the main study we found an effect in the 
AEP amplitudes (G5 and G6) separate from the effect in the AEP latendes (G2). As 
was discussed before, this could he due to the effect of surgical stimulation on the 
AEP amplitudes [Thomton et al., 1988]. A related point is that there appear to he 
separate effects in the amplitudes of the AEP early to middle (G6) and middle to long 
(GS) latency components. It is unclear what is causing these separate effects, although 
it is possible that factor G6 is a chance occurrence. This would imply that factors GS 
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and G6 should be considered together, as was discussed for factors P4 and PS from 
the pilot study. In that case, the combined factors GS and G6 correspond to factor P3 
from the pilotstudy. 

Similar to the results from the pilot study, we found a separate effect in the EEG 
speetral features. This suggests that the effect of anesthesia on the EEG is different 
from the effect on the AEP latendes and amplitudes, as was already discussed for the 
pilotstudy results. 

11.4.3 Communality estimates 

The communality estimates indicate what portion of the observed varianee in a 
variabie is due to varianee in the extracted factors. This means that if we assume that 
the extracted factors do describe the effects we are interested in, the communality 
estimate for a variabie indicates the appropriateness of using that variabie for 
monitoring those effects. Variables with low communalities are only slightly 
correlated with the extracted factors. For simplicity we will use a threshold of 0.5 for 
consiclering a communality to be low. In the pilotstudy we found low communalities 
for peak V latency and amplitude and for percentage delta power (see Table 11-1). 
The low communalities for peak V measures may be explained by the earlier 
mentioned observation that peak V is affected only very slightly by intravenous 
anesthetics [Thomton et al., 1985, 1986]. We had expected this absence of an effect in 
peak V, but peak V was nevertheless included in the analysis because this peak 
provides a reliable indication of whether an auditory response is actually present. The 
low communality for percentage delta power is probably due to the high-pass filter 
setting at 5 Hz, which filters out a large part of delta activity. Although delta power 
communality was low, it was not near zero. This confirms our assumption that 
despite the applied high-pass filter, changes in delta power would remain visible, 
although less clear. 

In the main study we found low communalities for peak V latency and amplitude, for 
peak Na latency, and for percentage delta power, when the baseline recordings were 
included in the analysis. When the baseline recordings were not included in the 
analysis, we found low communalities for the amplitudes of peaks V, Pa and Nb and 
for MAP (see Table 11-3). The low communalities for the analysis including the 
baseline recordings are consistent with the results from the pilot study. When 
excluding the baseline recordings from the analysis, the communalities for the 
amplitudes of peak Pa and Nb become lower than 0.5. This is probably due to the fact 
that the most prominent change in these amplitudes occurs at the transition from 
awake to anesthesia, a transition that is not considered when excluding the baseline 
recordings from the analysis. The low communality for MAP indicates that changes in 
MAP are not, or only slightly, correlated with changes in AEP or EEG measures. 

11.5 Correlation of the factor scores with clinical signs 

It was mentioned earlier that the interpretation of the extracted factors cannot be 
confirmed by the results from the principal factor analysis itself. For this purpose we 
have to study the extracted factors in relation to clinical signs of anesthesia. In 
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deriving the factors, it was assumed that each measured variabie could be described 
as a linear combination of the factors plus an amount of unique varianee (see also 
Chapter 6). Using the calculated factor loadings and estimates of the amount of 
unique varianee in the measured variables, it is possible to calculate the values of the 
factors themselves (also called factor scores) from the observed values of the 
measured variables. Because the unique varianee in each variabie cannot be measured 
exactly but is estimated, the factor scores will also be estimates of the true factor 
scores. After estimating the factor scores, we can study changes in these factor scores 
during anesthesia instead of using single AEP or EEG measures. In this section we 
will describe the analysis of the calculated factor scores in relation to several clinical 
signs of anesthesia. In all analyses described here, the scores on factors Fl to FS from 
the main study (derived from the data including the baseline recordings) will be 
analyzed independently of the scores on factors Gl to G6 (derived from the data 
including observations for MAP and T). 

11.5.1 Plasma concentrations of propofol and alfentanil 

The correlation of the calculated factor scores with plasma concentrations of propofol 
and alfentanil was studied in both the pilotand main study. 

11.5.1.1 Methods 

In the pilot study, blood samples were taken at 6 fixed times during the operation for 
analysis of propofol and alfentanil plasma levels. These sample times were at 6 
minutes and at 12 minutes after induction, at stemotomy, at the start and end of CPB 
and at the end of surgery. Two to four additional blood samples (the actual number 
depended on the duration of surgery) were taken during some of the AEP 
measurements. In the main study, blood samples were taken at sternotomy and at 4 
or 5 additional moments during surgery. The collected blood samples were analyzed 
by the hospita! pharmacy for the level of propofol, using High Performance Liquid 
Chromatography with fluorametrie detection. Alfentanil plasma concentrations were 
quantified by a validated radioimmuno assay [Michiels et al., 1983] at the 
Pharmacokinetics Labaratory of the Janssen Research Foundation, Beerse. 

AEP and EEG measurements that were recorded within either 10 minutes (pilot 
study) or 5 minutes (main study) before or after the moments at which blood samples 
were taken were included in the analysis. Scores were calculated for the data from the 
pilot study on factors P1 to PS, and, from the main study, on factors F1 to FS and G1 
to G6. Pearson correlation coefficients of these factor scores with the measured 
propofol and alfentanil plasma concentrations were calculated. Regression coefficients 
were calculated for the factors showing a significant correlation with plasma 
concentration of propofol or alfentanil. 

11.5.1.2 Results 

The total number of blood samples taken from the 12 patients in the pilot study was 
103. Twelve samples of 2 patients were excluded, because they had unreàlistic values 
caused by errors in the sampling procedure. Another 45 samples were excluded from 
the correlation analysis because they were nottaken within 10 minutes of an AEP 
measurement. For 5 of the remaining samples (6 for the contralateral AEP recordings), 
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the corresponding AEP measurement was of insuffident quality to assess the latency 
and amplitude of all peaks, thus preventing the calculation of factor scores for these 
recordings. The results of the correlation analysis calculated over the remaining 41 
(contralateral 40) data points showed that propofol concentration correlated 
significantly with factor P2 ipsilateral (r = 0.41, p=0.008) and with factor P3 contra
lateral (r = 0.41, p=0.009). These factors are both defined by the AEP latencies. The 
regression coefficients for the regression of factor P2 (ipsilateral) and factor P3 
(contralateral) on plasma concentration of propofol are presented in Table 11-4. No 
significant correlations with alfentanil plasma concentration were found. 

Table 11-4: Regression coefficients for the jactors showinga significant correlation 
with the level of propofol ar alfentanil in the pilotstudy. 

P2 {ipsl) 
P3 (contra) 

intercept 

-o.302 [-] 
-o.338 [-] 

propofol 

0.278 [1·ml/tJg] 
0.271 [1·mi/tJg] 

alfentani I 

The total number of blood samples taken from the 41 patients in the main study was 
204. Thirty-one samples were exduded from the analysis because they were not taken 
within 5 minutes of an AEP measurement. For 30 of the remaining samples, the 
corresponding AEP measurement was of insuffident quality to assess the latency and 
amplitude of all peaks, and in an additional 22 samples, factor scores were not 
calculated because the thresholds for the change in MAP and/ or T as described 
earlier were exceeded. Only contralateral data was considered in the main study, for 
reasons described previously. The results of the correlation analysis calculated over 
the remaining 121 data points showed that alfentanil concentratien correlated 
significantly with factors F4 (r = -0.19, p=0.04) and G6 (r = -0.25, p=0.005). Regression 
coefficients between plasma concentrations and factor scores were not calculated, 
because the correlation coefficients were, although significant, so low that regression 
coefficients would not give any additional information. 

11.5.1.3 Discussion 

In the pilotstudy we found that propofol plasma concentration was correlated with 
factor P2 ipsilateral and factor P3 contralateraL These factors are defined by the AEP 
latencies. No correlation was found with other factors in the pilot study. In the main 
study we found a correlation of alfentanil plasma concentration with factors F4 and 
G6. These factors were defined by the amplitudes of the AEP middle latency 
components. The amount of varianee in the factor scores explained by changes in 
propofol and alfentanil concentrations (equal to the square of the correlation 
coefficient) was not very high: 17% of the varianee in factor P2 could be explained by 
changes in propofol plasma concentration in the pilot study; 4% and 6% of the 
varianee in factors F4 and G6 respectively could be explained by changes in alfentanil 
plasma concentration in the main study. 

1t was mentioned earlier that results from previous studies suggested that AEP 
latendes and amplitudes reflect different aspects of anesthesia. Specifically, AEP 
amplitudes appeared to be sensitive to surgical stimulation [Thornton et al., 1988]. 
Since propofol is assumed to have a primarily hypnotic effect [Steegers and Foster, 
1988], while alfentanil is assumed to possess mainly analgesie properties [Ausems, 
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1986J, our results are in agreement with the previously observed dissociation of the 
effect of anesthesia on AEP latendes and amplitudes. 

11.5.2 Effect of incision and sternotomy 

In the main study, the effect of incision and stemotomy on the calculated factor scores 
was evaluated. Differences in factor scores between patients showing a hemadynamie 
response to incision or stemotomy versus patients showing no such response were 
also studied. 

11.5.2.1 Methods 

AEP's were recorded starting 10 minutes befare first incision until 10 minutes after 
stemotomy. Factor scores were calculated from the EEG and AEP's averagedover the 
period starting 10 minutes before first incision and ending at indsion, over the period 
from incision to stemotomy, and over the period startingat stemotomy and ending 10 
minutes after stemotomy. In calculating the factor scores, measurements for heart ra te 
(HR), systolic arterial pressure {SAP) and diastolic arterial pressure (DAP) were not 
included, because these measurements were not used in deriving the factors as 
described in this chapter. Mean arterial pressure (MAP) was only used in calculation 
of the scores on factors G1 to G6, because MAP was not used in deriving factors F1 to 
FS. Temperature was assumed to be constant over incision and stemotomy. 

Presence or absence of a hemadynamie response was assessed using observations of 
HR, SAP, DAP and MAP obtained at 1 minute befare and after indsion and at 1 
minute befare and after stemotomy. Each patient was classified as responding {++), 
equivocal (+) or not responding (-) to incision or stemotomy, according to the criteria 
as described in Chapter 9 for the change in hemadynamie variables upon incision and 
upon stemotomy. 

A Kruskal-Wallis test wàs used for camparing factor scores between the three 
recording periods. This test was also used for camparing factor scores obtained in 
each of the three recording periods between patients showing a response, an 
equivocal response or no response to incision or to stemotomy. When a statistically 
significant difference between response groups was found, Wilcoxan's rank-sum test 
with Bonferroni correction was used for pairwise comparisons between response 
groups. 

Using a discriminant analysis, it was attempted to predict the presence or absence of a 
hemadynamie response to incision from the factor scores obtained befare first 
incision. lnitially, only those factor scores that showed the most significant difference 
between response groups were used in this prediction. In a second analysis, all factor 
scores obtained befare incision were used to prediet the presence or absence of a 
response. The resulting discriminant functions were tested using leave-one-out 
crossvalidation. Performance of the discriminant functions was quantified in terms of 
sensitivity, positive predictive accuracy and total accuracy as defined in Chapter 6. 

11.5.2.2 Results 

The number of recordings for which factor scores could be calculated was 32 for the 
period befare incision, 6 for the period between indsion and stemotomy, and 32 for 
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the period after stemotomy. No significant differences in factor scores were found 
between these three recording periods. 

Figure 11-9 shows the mean values and SD of the factor scores obtained before 
incision for patients showinga response (N=3), an equivocal response (N=lO), or no 
response to indsion (N=l9). The scores on factors Fl (defined by the AEP latencies), 
F4 (defined by the AEP amplitudes) and G2 (also defined by the AEP latencies) were 
significantly different between response groups (p=0.0212, p=0.0187 and p=0.0185 
respectively). Pairwise comparisons revealed that the difference in factor scores was 
significant between patients showing an equivocal response and patients showing no 
response to incision. For the response to stemotomy, the score on factor G3 (defined 
by the median frequency, speetral edge frequency, percentage beta power and peak V 
latency) obtained before indsion was significantly different between patient groups 
dassified by the response to stemotomy, but here pairwise comparisons revealed no 
significant differences between response groups. 

Performance of the prediction of presence or absence of a response to incision is 
summarized in Table 11-5. Accuracy of the predictions was very low. Using scores on 
factors Fl to FS resulted in a total accuracy of 34%, which is notbetter than chance 
level (33%), and a sensitivity of 69%. The best prediction was achieved using only the 
factor that showed the most significant difference between the three response groups 
(F4). This resulted in a sensitivity of 77% and a total accuracy of 59%. When scores on 
the factors that induded measurements of MAP and T were used (Gl to G6), total 
accuracy was only slightly better when compared to that when using scores on factors 
Fl to FS. Similar to the results for factors Fl to FS, total accuracy improved slightly 
when only scores on the factor showing the most significant difference between 
response groups (G2) were used. 
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Figure 11-9: Mean values and SD of the scores on factors F1 to F5 (left graph) and 
on factors G1 to G6 (right graph), obtained before incision, classified by the 
response to incision. *: significant difference between patients showing an equivocal 
response and no response to incision (Wilcoxon, p<0.025). 
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11.5.2.3 

Table 11-5: Performance in termsof sensitivity (sens.), positive predielive accuracy 
(pos. pr.) and total accuracy (acc.) of the calculated factor scores to predief the 
occurrence of a response to incision in the main study, as assessed by leave-one-out 
crossvalidation. Chance level is 33%, because three classes were used. 

factor scores used for pn~diction sens. pos. pr. acc. 
(o/o] [%] [%] 

to F5 69 19 34 
F4 77 41 59 
G1 to G6 69 30 44 
G2 69 35 47 

Discussion 

In contrast to the effect of surgery on AEP amplitudes described by Thomton and 
colleagues [Thornton et al., 1988], the calculated factor scores were not affected by 
incision or stemotomy. We did find, however, significant differences between 
response groups in the scores on factors F1, F4 and G2 for the response to incision. 
These factors were defined by the AEP latendes and amplitudes. Although the 
highest sensitivity to absence or presence of a response to incision was achieved using 
a single factor {F4), total accuracy of this predietien was very low. This low predictive 
power could he due to the fact that observations of heart rate, systolic and diastolic 
arterial pressure could not he included in the factor scores. 

11.5.3 Relation to cognitive processing 

In the main study we investigated the relationship between the calculated factor 
scores and the occurrence of long latency AEP components {LLAEP). The presence of 
these LLAEP components was taken as evidence for perceptual processing, as 
described in Chapter 10. 

11.5.3.1 Methoeis 

LLAEP components were recorded during passive auditory oddball tasks~ Two tones 
of different pitch were presented binaurally to the patient. Eighty percent of the 
stimuli were "standard" 1000-Hz tones, and twentypercent were "deviant" 2000-Hz 
tones. The recording and averaging of the LLAEP waveforrns was already described 
in Chapter 10. Peak amplitudes were determined for each individual LLAEP 
waveform as being the most positive (for P1 and P2) and most negative {for N1) 
values in selected time windows based on the grand average. P1 amplitudes were 
determined relative to the 200-msec pre-stimulus baseline, and N1 and P2 were each 
determined with respect to their preceding peak (P1N1 and N1P2 respectively). 
Criteria for peak amplitudes were specified and used to judge whether or not a clear 
P1-N1-P2 complex could be distinguished in the individual intraoperative recordings. 
When P1N1 and N1P2 amplitudes were larger than their median amplitudes (1.46 pV 
and 1.73 J1V respectively) and the correlation with an overall average waveform 
obtained by averaging all intraoperative LLAEP's was larger than 0.55 (calculated 
over the first 800 rnsec of the response after tone-onset), then the recording was 
judged to be a clear LLAEP response, i.e., containing a recognizable P1-N1-P2 
complex. 
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Scores on factors Fl to FS and on factors Gl to G6 were calculated for the MLAEP and 
EEG measurements that were obtained immediately before or after an LLAEP 
recording epoch. Factor scores were tested for significant differences between 
recording epochs in which a clear LLAEP waveform occurred and recording epochs 
in which no clear LLAEP waveform occurred. Wilcoxon's rank sum test was used for 
this comparison, because of the low number of observations in the group consisting of 
recording epochs in which a clear LLAEP occurred. 

Using a discriminant analysis, it was attempted to predict the presence or absence of a 
clear LLAEP waveform. Initially, only those factor scores that showed the most 
significant difference between presence or absence of an LLAEP waveform were used 
in this prediction. In a second analysis, stepwise selection was used to arrive at an 
optimal linear combination of factor scores obtained before and after individual 
recording epochs. The resulting discriminant functions were tested using leave-one
out crossvalidation. Performance of the discriminant functions was assessed in terms 
of sensitivity, specificity and total accuracy, as described in Chapter 6. 

11.5.3.2 Results 

A total of 52 LLAEP recordings were obtained for which both before and after the 
recording epochs factor scores could be obtained from the accompanying MLAEP and 
EEG recordings. In 9ofthese LLAEP recordings a clear Pl-Nl-P2 complex could be 
observed, according to the previously described criteria. Mean values and SD of the 
factor scores are presented in Figure 11-10. The score on factor Fl was significantly 
higher before LLAEP recording epochs in which no clear Pl-Nl-P2 complex could be 
observed, when compared to recording epochs in which a clear Pl-Nl-P2 complex 
occurred. The score on factor G4 was significantly higher after LLAEP recording 
epochs in which no clear Pl-Nl-P2 complex could be observed, in comparison with 
recording epochs in which the Pl-Nl-P2 complex could be clearly observed. The 
performance of the estimated discriminant functions for predicting the presence or 
absence of an LLAEP waveform are summarized in Table 11-6. 
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Table 11-6: Performance in terms of sensitivity, specificity and accuracy of the 
calculated factor scores to predict the occurrence of an LLAEP waveform, as 
assessed by leave-one-out crossvalidation. (i) Factor scores obtained at the start of 
LLAEP recording epochs; (ii) Factor scores obtained at the end ofLLAEP recording 
epochs. 

sens. spec. acc. 
[%] [%] r1o1 

(a) Most significant factor scores 

58 58 
89 58 63 

(b) Best combination of factor scores 

F1 (i}, F5 (i}, F3 (i) 78 77 77 
G4 (ii), G5 (i), G6 (ii} 78 74 75 
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Figure 11-10: Mean values and SD of factor scores. (a) factor scores F1 to FS, 
obtained befare LLAEP recording epoch; (b) factor scores Fl to F5, obtained after 
LLAEP recording epoch; (c) factor scores Gl to G6, obtained befare LLAEP 
recording epoch; (d) factor scores Gl to G6, obtained after LLAEP recording epoch. 
*: statistically significant diJterenee between recording epochs (Wilcoxon rank sum 
test, p<D.OS). 

11.5.3.3 Discussion 

A significant difference between the presence or absence of an LLAEP waveform was 
found in factor Fl obtained at the start of LLAEP recording epochs, and in factor G4 
obtained at the end of LLAEP recording epochs. Both these factors were defined by 
the AEP latencies. Accuracy of the prediction of presence or absence of LLAEP 
wavefarms was very low when only the score on factor Fl was used. Although the 
score on factor G4 was much more sensitive in predicting occurrence of an LLAEP 
waveform, the specificity of this factor score for predicting absence of an LLAEP was 
only slightly above chance level, resulting in a total accuracy of only 63%. Using a 
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combination of factor scores instead of single factor scores improved total accuracy of 
the prediction, but the high sensitivity of factor G4 was not matched when using a 
combination of factors selected from Gl to G6. It is remarkable that the accuracy of 
the prediction of presence or absence of an LLAEP waveform was slightly worse 
when using a selection of factors Gl to G6 (which include the effects of MAP and T), 
as compared to the prediction when using a selection of factors Fl to F5 (which do not 
include these effects). This suggests that MAP and T are not very important as 
indicators for the possibility of perceptual processing. 

Although we only found a significant difference between the presence or absence of 
an LLAEP wavefarm in the factors defined by the AEP latendes (Fl and G4) and not 
in other factors, the results of the discriminant analysis suggest that using only these 
factors is not sufficient to correctly predict the occurrence of an LLAEP waveform. 
Instead, a combination of factors, presumably representing different anesthetic effects, 
are needed to imprave predictive power. 

11.6 General dlscusslon and conclusions 

The purpose of the present study was to derive a set of easily interpretable variables 
that may be used for monitoring depth of anesthesia. This was accomplished by 
applying a principal factor analysis to a combination of features derived from the 
AEP and the spontaneous EEG. The results from the pilot study showed that the 
factors we arrived at were consistent with results from previous studies. The factors 
resulting from the main study were consistent with the factors derived in the pilot 
study, and because observations of MAP and T were also included in the main study, 
it was possible to separate the effects of temperature on the AEP and EEG from other 
effects. 

No assumptions are made in a principal factor analysis about any real-world effects 
that cause the changes observed in the measured variables, and consequently, the 
changes in the extracted factors. Therefore, the extracted factors should be stuclied in 
relation to clinical aspects of anesthesia, to confirm whether or not the factors are 
reliable measures of the effects of interest. Clinical aspects of anesthesia used in this 
study were plasma concentrations of the administered anesthetics, presence or 
absence of a response to incision or sternotomy, and perceptual processing as 
indicated by the presence or absence of long latency AEP components. 

Analysis of the plasma concentrations of propofol and alfentanil showed that factor 
P2 in the pilot study (defined by the AEP latencies) correlated with propofol 
concentration, while factor F4 and G6 in the main study (defined by the amplitudes of 
AEP peaks V to Nb) correlated with alfentanil concentration. Unfortunately, no 
correlation with alfentanil was found in the pilot study, while the correlation with 
propofol was absent in the main study. However, the agreement between ipsi- and 
contralateral regression coefficients in the pilot study confirms that the correlation 
with propofol concentration in the pilotstudy is probably nota chance occurrence. 
Since alfentanil is assumed to mainly produce analgesia, while propofol has primarily 
a hypnotic effect, the observed correlation of plasma concentrations with factor scores 
suggests that the factors defined by the AEP latendes are mainly related to the 
hypnotic component of anesthesia, while the factors defined by the AEP amplitudes 
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are also sensitive to the degree of analgesia. To confirm this speculation, it would be 
interesting to study the effect of anesthesia produced by propofol and alfentanil on 
the factor scores in controlled conditions, using different propofol/ alfentanil ratios. 

Although no effect of incision or stemotomy on the calculated factor scores was 
found, there were significant differences between response groups in the scores on 
factors Fl, F4 and G2 for the response to incision. Factors Fl and G2 are defined by 
the AEP latencies, while factor F4 is defined by the AEP amplitudes. Assuming that 
the factors defined by the AEP latendes are mainly related to hypnosis, while the 
factors defined by the AEP amplitudes also reflect analgesia (as suggested by the 
correlation between factor scores and plasma concentrations), the observed effects in 
factor scores suggest that presence or absence of a response to indsion is determined 
not only by the degree of analgesia (corresponding to factor F4), but also by the 
degree of hypnosis (corresponding to factors Fl and G2). 

Factors Fl and G4 (both defined by the AEP latendes) were significantly lower for 
LLAEP recording epochs in which a clear P1-N1-P2 complex occurred. Presence of 
this waveform was assumed to be an indication of perceptual processing. Again, the 
observed effect in factor scores is consistent with a hypnotic effect of anesthesia 
assumed to be associated with these factors. 

Conclusions 

We condude that principal factor analysis provides a rational way of constructing 
composite variables from single AEP or EEG measures. In addition, the factors 
defined by the AEP latendes may be interpreted as being related to a hypnotic effect, 
while the factors defined by the AEP amplitudes may be interpreted as being related 
to an analgesie component of anesthesia. 
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Discussion, conclusions and recommendations 

12.1 Discussion 

The purpose of the work described in this thesis was to assess the value of neuro
physiological measurements for monitoring depth of anesthesia. Traditionally, 
adequacy of anesthesia is assessed by using indirect measures, such as changes in 
blood pressure or heart rate, sweating or tear production, or color of the patient's 
skin. Modem drugs, however, produce very few side-effects, making an accurate 
assessment of anesthetic adequacy very difficult. This has resulted in numerous 
reports of patients showing awareness for intraoperative events and conversations 
[Levinson, 1965; Kim, 1978; Mummaneni et al., 1980; Hilgenberg, 1981; Mark and 
Greenberg, 1983; Moerman et al., 1993; Tracy, 1993]. 

Several techniques have been proposed for monitoring adequacy of anesthesia. 
Because the central nervous system (CNS) is the target organ of anesthesia, neuro
physiological measurements seem to he the first choice for monitoring adequacy of 
anesthesia. Although functioning of the CNS can he assessed in various ways, as was 
discussed in Chapter 2, evoked potentials have the methodological advpntage of 
reflecting the output of the CNS in response to a controlled input. Previous studies 
have shown that middle latency components of the AEP show graded changes with 
changing doses of various inhalational and intravenous anesthetics [Cluitmans, 1990; 
Thornton, 1991]. In addition to middle latency auditory evoked potentials, the spon
taneous EEG was also included for analysis in our studies. Speetral analysis of the 
EEG has been frequently suggested as a promising tooi for monitoring depth of anes
thesia [Schwilden et al., 1987; Kearse et al., 1994]. An advantage of the EEG over the 
AEP is the shorter acquisition time needed and its lower sensitivity to electrical inter
ference. Although the EEG only reflects the state of the CNS in general, and not the 
response to a controlled stimulus, the EEG is assumed to be affected by sensory input, 
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for example, surgical stimulation [Kochs et al., 1994]. Therefore, it was assumed in the 
present study that the EEG and auditory evoked potentials may contain complemen
tary information. 

Because no accepted standard for depth of anesthesia exists, clinical indications for 
adequacy of anesthesia had to be used in the present study to validate the MLAEP 
and EEG as a possible monitor for depth of anesthesia. Plasma concentrations of the 
administered anesthetics (propofol and alfentanil), presence or absence of a response 
to incision, presence or absence of long latency AEP components (indicating percep
tual processing) and presence or absence of impHeit memory were used for this 
purpose. 

12.1.1 Clinical indications for of anesthesia 

In the pilot study the MLAEP and EEG were stuclied in 12 patients undergoing 
cardiac surgery. In the main study an additional 41 patients also undergoing cardiac 
surgery were studied. 

Anesthetic concentrations 

Analysis of plasma concentrations of propofol and alfentanil showed that latendes of 
MLAEP components correlated with propofol concentration in the pilot study, while 
both latendes and amplitudes of early to middle latency AEP components correlated 
with alfentanil concentration in the main study, as described in Chapter 8. These 
correlations were, although significant, very small, and the results were not consistent 
over the two studies. This suggests that changes in MLAEP and EEG measures will 
give very limited information on the changes to be expected in plasma concentrations 
of the administered anesthetics. 

Response to incision 

Presence or absence of a hemadynamie response to incision and to sternotomy was 
used as a clinical indication of anesthetic adequacy in the main study. In the pilot 
study there were only 5 patients for whom both before and after incision and 
sternotomy complete AEP and EEG data were available. Therefore, it was not possi
bie to study differences in AEP and EEG measures between responding and not res
ponding patients in the pilotstudy. 

The results from the main study, as described in Chapter 9, indicate that the MLAEP 
is sensitive to surgical stimulation, consistent with a previously published study by 
Thornton et al. [1988]. In addition, the MLAEP appeared to be more sensitive to 
surgical stimulation than speetral features of the EEG are. Presence or absence of a 
hemadynamie response to incision could be predicted with an accuracy of 72% in 
individual patients, using a combination of the latency and amplitude of MLAEP 
peaks, median frequency of the EEG, and observations of heart rate and arterial 
pressure. 

Perceptual processing as indicated by implicit memory 

Both the pilot and the main study were set up to also examine the relationship 
between MLAEP and EEG measures and implicit memory for intraoperative infor
mation. Unfortunately, this relationship could not be stuclied as planned. In the pilot 
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study there were indications for impHeit memory in three patients, but because of the 
pilot character of that study, intraoperative MLAEP and EEG data were only available 
in one of those patients. For this reason, the relationship of MLAEP and EEG meas
ures with impHeit memory and with the occurrence of long latency AEP components 
was not investigated in the pilot study. ImpHeit memory and the occurrence of long 
latency AEP's (LLAEP's) in the pilotstudy will be discussed in a twin thesis by J.C. 
Van Hooff. Results from the pilotstudy arealso presented in a paper by Van Hooff et 
al. [1995]. In the main study there were no indications for impHeit memory, thus 
preventing us from studying a possible relationship between MLAEP and EEG 
measures and impHeit memory. The absence of impHeit memory in the main study 
will be discussed in more detail elsewhere [Van Hooff et al., in preparation]. 

Perceptual processing as indicated by long latency AEP components 

The occurrence of perceptual processing was assessed intraoperatively by the 
recording of LLAEP components, as described in Chapter 10. We used an oddball 
paradigm for eliciting these components, in an attempt to record not only the middle 
to long latency components P1, N1 and P2 but also long latency component P3, which 
is supposed to reflect differential processing; that is, the ability of the brain to 
discriminate in a controlled manner between frequent and infrequent (or unexpected) 
stimuli. The results of the study described in Chapter 10 indicated that MLAEP 
components (which are faster to obtain) may be used to predict the occurrence of 
LLAEP components P1, N1 and P2. However, a P3 could not be observed in our 
experiments. Although Plourde and colleagues [Plourde et al., 1993] claimed to have 
observed a P3 subcomponent (P3a) during some periods of cardiac surgery with 
sufentanil anesthesia, in another study with fentanyl/isoflurane anesthesia no clear 
P3 was seen [Plourde and Picton, 1991]. This suggests that the P3 is easily abolished 
by anesthesia. 

12.1.2 Principal factor analysis 

The purpose of the principal factor analysis (PF A) described in Chapter 11 was to 
reduce the information present in the MLAEP and EEG to a smaller number of 
composite variables. It was expected that the PFA would result in a set of factors that 
could be interpreted as representing underlying effects in anesthesia. Because the PF A 
in itself does not supply proof for such an interpretation, the resulting factors were 
validated using the same clinical signs as described above. 

The factors resulting from the PF A were consistent with previous studies, in the sense 
that the effect in AEP latendes was separated from the effect in AEP amplitudes. In 
addition, the effect in speetral features was also separated from the effect in the 
AEP latendes and amplitudes. 

Separation ofhypnotic and analgesie effects of anesthesia 

The results from the validation of the extracted factors with clinical signs of anesthetic 
adequacy were consistent with a possible interpretation of the factors with respect to 
hypnotic and analgesie components of anesthesia. Correlations were found between 
propofol plasma concentrations and the factors defined by the MLAEP latencies, and 
between alfentanil plasma concentrations and the factors defined by the MLAEP 
amplitudes. Propofol is assumed to have a primarily hypnotic effect, while alfentanil 
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is assumed to possess mainly analgesie properties. Therefore, these correlations sug
gest that the factors defined by the AEP latendes are mainly related to the hypnotic 
component of anesthesia, while the factors defined by the AEP amplitudes are also 
sensitive to the degree of analgesia. Although no effect of indsion or sternotomy on 
the calculated factor scores was found, there were significant differences between 
response groups in the scores on both the factors defined by the AEP latendes and the 
factors defined by the AEP amplitudes. This suggests that the presence or absence of a 
response to indsion is not only determined by the degree of analgesia, but also by the 
degree of hypnosis. The interpretation of the factors defined by the AEP latendes as 
representing a hypnotic effect of anesthesia is further confirmed by the observation 
that scores on these factors were significantly different for those periods of surgery in 
which perceptual processing as indicated by the presence of LLAEP wavefarms was 
demonstrated. 

Comparison of factor scores with single AEP and EEG measures 

The power of factor scores for predicting the presence or absence of a response to 
indsion as described in Chapter 11 was lower than the prediction accuracy that was 
found in Chapter 9. Although a sensitivity of 77% could be achieved using a single 
factor score, the specifidty of this predietor was rather low, resulting in a total accu
racy of 59% (chance level was 33%). A possible explanation for this low predictive 
power is the fact that only mean arterial blood pressure was included in the calcula
tion of the factor scores, while heart rate, systolic and diastolic arterial blood pressure 
were not induded. The order in which variables were selected in the discriminant 
function for predicting presence or absence of a response to indsion, as described in 
Chapter 9, indicates that heart rate and diastolic arterial pressure are relatively impor
tant variables for this prediction. This could not be tested, however, because the data 
set that was used for calculating the principal factors was partly obtained during 
cardiopulmonary bypass. No observations were available during this period for the 
mentioned variables. 

Total accuracy of the prediction of perceptual processing (as indicated by the presence 
or absence of a clear LLAEP waveform) was somewhat lower using factor scores 
instead of a combination of MLAEP and EEG measures tagether with arterial blood 
pressure and nasopharyngeal temperature. It was, however, possible to reach the 
same sensitivity of prediction using a single factor score. Because specifidty of this 
factor score was only slightly above chance level, total accuracy of this predietor was 
only 63%, as compared to 77% when using a combination of factor scores, and 87% 
when using a combination of single MLAEP and EEG measures combined with 
arterial blood pressure and nasopharyngeal temperature. The predictive power of the 
factor scores that included observations for nasopharyngeal temperature and arterial 
blood pressure were somewhat lower when compared to the predictive power of 
factor scores that only used MLAEP and EEG measures. This is, however, not in 
contradiction with the results from Chapter 10, where temperature and arterial blood 
pressure were already relatively unimportant for the correct prediction of presence or 
absence of clear LLAEP waveforms, as indicated by the order in which variables were 
selected for inclusion in the discriminant function. 

In summary, presence or absence of clinical signs of adequate anesthesia could be 
predicted using single factor scores, although the accuracy of this prediction was 
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lower when compared to the accuracy of a discriminant function built from single 
AEP and EEG measures. However, the prindpal factor analysis appeared to have 
resulted in a separation of the hypnotic and analgesie components of anesthesia that 
had notbeen clear using single AEP and EEG measures. 

12.2 Conclusions 

The experiments described in this thesis were set up to test the hypotheses that were 
presented in Section 2.4.1. The following conclusions can be drawn from the results of 
our experiments: 
1. Although MLAEP and EEG measures show small correlations with plasma 

concentrations of the administered anestheties, changes in MLAEP and EEG 
measures give very limited information on the changes to be expected in plasma 
concentrations. 

2. MLAEP and EEG measures may be used to prediet the occurrence of a hemo
dynamie response to indsion with an accuracy of 72%. This accuracy is higher 
than the 59% accuracy that could be achieved when using only heart rate and 
blood pressure for predietion of such a response. 

3. MLAEP and EEG measures are correlated with the occurrence of cognitive 
processing as indieated by the presence or absence of LLAEP components. 

4. Prindpal factor analysis provides a method for constructing composite variables 
from MLAEP and EEG measures. Of the factors resulting from the prindpal factor 
analysis applied to the data obtained in the present experiments, the factors 
defined by the AEP latendes can be interpreted as being related to a hypnotic 
effect of anesthesia, while the factors defined by the AEP amplitudes can be 
interpreted as being related to an analgesie component of anesthesia. 

12.3 Recommendations 

12.3.1 Power of the applied statistica! tests 

In the description of the experiments in Chapter 9, it was mentioned several times 
that the small number of patients responding to indsion could be an explanation for 
the absence of a statistieally significant effect in the comparisons between responding 
and not responding patients in several of the measured variables. Because the 
experiments described in that chapter give us an indieation of the magnitude of the 
effects of interest, it becomes possible to estimate the probability that a significant 
effect will be found for a given group size. A crudal parameter for this estimation is 
the so-called effect size f This effect size is defined as the ratio of the varianee among 
groups and the varianee within groups. The varianee ~ithin groups is equal to the 
squared standard deviation (assuming that the standard deviation is equal for all 
groups, whieh is an assumption of both the F-test and the Kmskal-Wallis test), and 
the varianee among groups is defined as: 
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among varianee 
(number of groups)2 

(12-1) 

In this equation, ).lj are the group means, and ).l is the average group mean. Using the 
results from the experiments described in Chapter 9, we arrive at an effect size f of 
0.29 for the effect in propofol concentrations between patients responding, equivo
cally responding and not responding to incision, and an effect size f of 0.31 for the 
effect in Nb latency. According to Maxwell and Delaney [1990], .f=O.lO is considered 
to be a small effect size; .f=0.25, medium; and J=OAO, large. 

In estimating the power of the comparison between response groups, it was assumed 
that an F-test was to be applied, because power charts were only available for this 
test. For the same reason, it had to he assumed that all groups will be equal in size. 
Although this was not the case in the experiments described in Chapter 9, it would he 
possible to have about equal group sizes using slightly lower propofol and alfentanil 
dosages. Using these assumptions, we arrived at an estimated power for detecting 
true differences in response groups as presented in Table 12-1. The percentages listed 
in this table for the estimated power of the F-test are the probabilities that a 
statistically significant effect will he found, assuming the estimated effect size was 
correct. As was discussed in Chapter 6, the Kruskal-Wallis test is only slightly less 
powerful than the F-test when the assumption of normality is not violated. 

Table 12-1: Power of the F-test for detecting true differences between response 
groups, for various group sizes and a total of three response groups. The total 
number of patients is assumed to be equal to 3 times the group size. 

Group slze 

3 
10 
20 
33 

12.3.2 Separation of hypnosls and analgesia 

Estimated power [%) 

45 
85 
95 
>99 

When monitoring depth of anesthesia it is important to realize that hypnosis and 
analgesia are separateaspectsof anesthesia that should be monitored separately. Such 
a separation may be accomplished by using the latendes and amplitudes of middle 
latency AEP components. Because the AEP latendes are assumed to be only slightly 
affected by the administration of analgesie drugs [Schwender et al., 1993d], the degree 
of hypnosis may he derived from the change in these latendes during anesthesia. 
Although the amplitudes of middle latency AEP components are also only slightly 
affected by the administration of analgesie drugs [Schwender et al., 1993d], these 
amplitudes are assumed to increase with surgical stimulation when the degree of 
analgesia is insuffident. Preliminary results from a study by Kochs et al. [1995] sug
gest that the magnitude of the effect of surgieal stimulation on AEP amplitudes is 
dependent on the degree of analgesia present. 

Figure 12-1a schematieally indieates the relationship between the degree of hypnosis 
and AEP amplitudes, relative to baseline levels. Figure 12-1 b schematically presents 
the relationship between the degree of analgesia and AEP amplitudes, both in the 
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presence (dotted lines) and absence (solid lines) of surgical stimulation. Figure 12-lc 
combines the effect of hypnosis and analgesia on the AEP amplitudes for different 
ratios between the degree of hypnosis and the degree of analgesia. In practice, relative 
amplitudes will probably nat follow a straight line as presented here, and for small 
amplitudes, changes in relative amplitude will be difficult to detect. The qualitative 
trend displayed in these graphs, however, is consistent with the results from our 
experiments. Also, no scale is used on the hypnosis and analgesia axes, but it is 
assumed that a degree of hypnosis that produces little or no change in relative 
amplitudes is associated with very light levels of anesthesia, while relative 
amplitudes near zero reflect profoundly deep anesthesia. Using this model, the 
degree of hypnosis can be predicted from the change in AEP latencies. The AEP 
amplitudes as predicted from the degree of hypnosis can then be compared to the 
observed AEP amplitudes in the pres~nce of surgical stimulation. The difference 
between the expected and observed AEP amplitudes then indicates the degree of 
analgesia. A possible methad for validating the model as presented here would be to 
study the changes in AEP latendes and amplitudes during propofall alfentanil 
anesthesia in clinically relevant ratios. 

relativa AEP amplitudes 
2.5,.---------------, 

relativa AEP amplitudes 
2.5,----------------, 

1.5 1.5 

0.5 0.5 

a b 

degree ot hypnosis dagree of analgesia 

relativa AEP amplitudes 
2.5,-----------------, 

hypnosis:analgesia=1 :2 
2 

··:: •• :)-• • hypnosis:analgesia=1 :1 

1.5 .• ',/ 

. · .... · . . • . · . . hypnosls:analgesla=1 :0.5 

1 . . · •• / . . . . . 

0.5 

c 

dagree of hypnosis/analgesia 

Figure 12-1: Schematic representation of the relationship between AEP amplitudes 
(relative to baseline levels) and the degree of (a) hypnosis; (b) analgesia; (c) hypnosis 
and analgesia in fixed ratios. All graphs are in the absence (solid lines) or presence 
(dotted lines) of surgical stimulation. 

lt has been suggested in the literature that the separation between hypnosis and 
analgesia may be better accomplished by using bath auditory (AEP) and somato
sensory evoked potentials (SSEP). A study by Thornton et al. [1993] showed that anes
thetic gases with unequal analgesie properties had camparabie effects on AEP 
amplitudes, while a difference could be observed in effects on the amplitudes of SSEP 
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components. In addition, the effect of surgical stimulation appeared to he more 
pronounced in SSEP amplitudes than in AEP amplitudes [Rundshagen et al., 1995]. 
The advantage of using the SSEP is that it is possible to estimate the degree of anal
gesia in the absence of surgical stimulation. This is in contrast to the model as 
described above, which uses the response to surgical stimulation to estimate the 
degree of analgesia. A disadvantage of using the SSEP, however, is that monitoring 
becomes even more complicated, because a combination of AEP and SSEP recording 
is required. 

12.3.3 Feasibility of intraoperative neurophysiological monitoring 

Most of the analyses described in this thesis were applied to groups of patients. A 
monitor for anesthetic depth, however, should he applicable to single patients to be of 
practical use. A first step in this direction is the prediction of presence or absence of 
clinical signs of anesthetic adequacy, as described in Chapters 9 and 10. The results 
from the experiments described in those chapters showed an accuracy of 70-90% for 
prediction in individual patients. A possible way of improving this accuracy is to use 
baseline recordings for each patient. This would allow predictions to he based not on 
absolute AEP or EEG measures, but on the amount of change in these measures as 
compared to the baseline level for a particular patient. In the present study we did not 
use a comparison with baseline levels, because the reliable baseline recordings this 
would have required were either not available or were contaminated by noise in some 
patients. Exclusion of those patients from the analysis would have resulted in an even 
lower number of observations than in the present analysis. 

The algorithm for detection and rejection of artifacts, as described in Chapter 7, 
resulted in an impravement of the obtained AEP waveforms. However, during some 
periods of surgery (and in some patients during the baseline recording, as mentioned 
previously) it still proved to be difficult to obtain reliable waveforms. Especially 
when extensive use was made of electrosurgery, the number of useful signal periods 
that remained after elimination of artifacts was often insufficient to produce a reliable 
waveform. Although the application of EEG amplifiers with higher input impedances 
and with better common mode rejection may alleviate this problem, the fact remains 
that for fully automatic processing of AEP waveforms, an objective assessment of the 
reliability of the wavefarm is a prerequisite. At present, such an objective assessment 
is not available. Therefore processing of AEP wavefarms still requires human 
evaluation. The accuracy and speed of this evaluation, however, may he significantly 
improved by applying computer-assisted processing, such as the artificial neural 
networks used in the evaluation of the present experiments. 

In the author's apinion MLAEP and EEG measurements may significantly enhance 
the anesthesiologist's ability to assess anesthetic adequacy. It is, however, unlikely 
that these measurements will provide an absolute scale for anesthetic depth. 
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Summary 

The purpose of the work described in this thesis was to assess the value of 
neurophysiological measurements for monitoring depth of anesthesia. Chapter 1 
briefly discusses the role of engineers in developing methods to be used in clinical 
practice. 

Chapter 2 gives a brief overview of the developments in monitoring depth of 
anesthesia. Traditionally, anesthetic adequacy is assessed by using indirect measures, 
such as changes in blood pressure or heart rate, sweating or tear production, or color 
of the patient's skin. Modern drugs, however, produce very few side-effects, making 
an accurate assessment of anesthetic adequacy very difficult. Possibly suitable 
techniques for monitoring depth of anesthesia in other ways are the auditory evoked 
potential (AEP) and the spontaneous EEG. Because no accepted reference for depth of 
anesthesia exists, these techniques will have to be validated using clinical signs for 
adequacy of anesthesia. 

Chapter 3 describes several aspects of recording and processing the spontaneous EEG 
and the AEP. The features from the EEG that were used in the present study are the 
median, speetral edge and peak power frequencies, and percentage power in the 
various frequency bands of the EEG. The stuclied features from the AEP are the 
latendes and amplitudes of brainstem peak V and of middle latency peaks Na, Pa, 
Nb, Pb and Ne. The setup of the equipment used in the present study is also 
described in this chapter. 

In Chapter 4 the anesthetic protocol employed in the present study is discussed. This 
chapter also describes the methods for analyzing propofol and alfentanil concen
trations in blood samples collected the present experiments. 

Chapter 5 describes the system that was developed for obtaining anesthesia-related 
data. This type of data was partly obtained from the anesthesia monitor, by using the 
Careplane interface between this monitor and a personal computer. The Event 
Recording system that was used to collect anesthesia-related data that has to be 
recorded manually is also described. 

In Chapter 6 the employed statistica! methods are described. Both parametrie and 
non-parametrie tests for studying differences between groups of observations are 
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discussed. Because in the present study the number of observations was on occasion 
very low, it was decided to use non-parametrie tests for analysis of the results from 
the present experiments. Although non-parametrie tests are supposed to be less 
powertul than their parametrie counterparts, the results from our experiments 
suggested that this was not the case in the present study. Some background on 
discriminant analysis is also discussed in Chapter 6. This type of analysis was used to 
predict anesthetic adequacy from recordings of the AEP and EEG. Chapter 6 also 
describes principal factor analysis, which was used for studying the relationship 
between AEP and EEG features. 

The data presented in this thesis were collected in two clinical experiments. In the 
first experiment (the pilot study) the AEP and EEG were recorded in 12 patients 
undergoing cardiac surgery. Forty-one patients also undergoing cardiac surgery 
enrolled in the second experiment (the main study). 

The objective of the study described in Chapter 7 was to evaluate a method for 
detection and removal of artifacts in evoked potential monitoring in data obtained 
from the first 10 patients in the main study. This method is basedon the assumption 
that a sweep of the recorded EEG signal contains artifacts if one or more variables 
derived from the signa! deviates strongly from their normal range of values. Once 
these normal ranges are defined, all future EEG recordings that are recorded under 
camparabie circumstances can be automatically evaluated for artifacts by tracldng 
when one or more signal variables falls outside the normal range. To assess the 
performance of this method in a clinical setting, recordings from a leaming set were 
visually evaluated for artifacts. The thresholds for automatic detection of artifacts 
were determined from the empirica! distribution functions of the signal variables. The 
AEP wavefarms resulting after automatic screening were compared with the 
waveforms obtained after visual evaluation of the raw signal combined with manual 
exclusion of signa! periods containing artifacts. The quality of the resulting waveform 
was improved by our method of automatic detection and removal of artifacts in 97% 
of partly contaminated recordings. Automatic screening slightly degraded the 
resulting waveform in only 2% of the recordings. From these results, we concluded 
that the described method of automatic detection and removal of artifacts in AEP 
recordings effectively improves the quality of the resulting AEP waveform, without 
excessive rejection of artifact-free signa! periods. The signa! variables used in this 
method seem appropriate for distinguishing artifact-free signal periods from periods 
containing artifacts, for the types of artifact that were studied. 

The goal of the study described in Chapter 8 was to study the relationship between 
AEP and EEG features and changes in anesthetic concentrations. At fixed moments 
during surgery and at additional moments during neurophysiological recordings 
blood samples were taken which were analyzed for propofol and alfentanil 
concentrations. Correlation and regression coefficients were calculated of AEP peak 
latendes and amplitudes and EEG speetral features with propofol and alfentanil 
concentrations. In the pilot study, latendes of AEP peaks Pa and Nb showed a 
significant correlation with propofol concentration (r=0.41 and 0.48 respectively). AEP 
peak V amplitude showed a significant correlation (r=-0.31) with alfentanil 
concentration. In the main study, latendes of peaks Na and Pa and amplitudes of 
peaks V and Na showed significant correlations with alfentanil concentration (r=0.34, 
0.23, -0.31 and -0.23 respectively). Amplitude of peak Ne and percentage beta power 
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showed a significant correlation with propofol concentration (r=-0.21 and 0.19 
respectively). It was concluded that AEP and EEG measures do not reliably indicate 
plasma concentration. Changes in anesthetic concentrations can only partly explain 
the varianee in AEP and EEG measures recorded during surgical anesthesia. 

The objective of the study described in Chapter 9 was to investigate the effect of 
incision and sternotomy on the AEP and EEG, and to try to predicta hemadynamie 
response to incision or sternotomy from the AEP and EEG as recorded in the main 
study. The AEP and EEG were recorded before indsion, between incision and 
sternotomy, and after stemotomy. Each patient was classified as responding, 
equivocally responding, or not responding to incision or stemotomy based on the 
increase in arterial blood pressure and heart rate upon incision and upon sternotomy. 
Before incision, Nb and Pb latency and propofol concentration were higher for not 
responding patients, while heart ra te and EEG median frequency before incision were 
lower. After sternotomy, the amplitude of both Pa and Nb, peak power frequency and 
percentage alpha power were all higher, and percentage theta power was lower for 
responding patients. Pa latency was higher after stemotomy for not responding 
patients. Using a combination of heart rate, arterial blood pressures and features 
derived from the AEP (all recorded before incision), the occurrence of a response to 
incision could he predicted in individual patients with 85% sensitivity, 63% positive 
predictive accuracy and 72% total accuracy. It was concluded that AEP's are more 
sensitive to pain stimuli than speetral features of the spontaneous EEG. In. addition, 
the AEP may help in predicting inadequate anesthesia. 

In Chapter 10, the hypothesis was tested that midlatency AEP's as obtained from 
patients in the main study can predict the occurrence of long latency AEP 
components, which are taken as evidence for perceptual processing. During several 
periods of surgery LLAEP's were recorded. Peak-to-peak amplitude measures were 
used to determine whether a particular LLAEP recording trace contained a 
recognizable waveform. Pa and Nb latendes were significantly shorter both before 
and after recording epochs in which an LLAEP wavefarm occurred, compared to 
epochs in which no LLAEP wavefarm occurred. Using a combination of up to 6 EEG, 
MLAEP, MAP and T measures, it was possible to predict the occurrence or absence of 
an LLAEP wavefarm with a sensitivity of 89% and specificity of 86%. It was 
concluded that MLAEP components provide information on the possibility of 
perceptual processing during general anesthesia, and thus may be relevant for 
monitoring depth of anesthesia. 

The goal of the study described in Chapter 11 was to investigate possible 
relationships between midlatency AEP and EEG measures for monitoring depth of 
anesthesia, with the aim of reducing the number of variables by removing 
interdependencies. A principal factor analysis (PF A) was applied to the combined 
AEP, EEG, MAP and T measures obtained throughout surgery in both the pilot and 
main study. The extracted factors were studied in relation to plasma concentrations of 
the administered anesthetics, response to incision and sternotomy, and perceptual 
processing. Five independent factors were found in the pilot study. Six factors were 
found in the main study. Of these factors, two were associated with changes in 
nasopharyngeal temperature. The other factors were described by the AEP latendes, 
the amplitudes of AEP early to middle latency components, the amplitudes of AEP 
middle to long latency components and the EEG speetral features. A correlation was 
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found between factor scores and plasma concentrations of the administered 
anesthetics. Significant differences in factor scores were found between presence or 
absence of a response to incision, and between presence or absence of long latency 
AEP components. It was concluded that PFA provides a rational way of constructing 
composite variables from AEP and EEG measures. In addition, individual factors may 
be interpreted as being related to either a hypnotic or an analgesie effect of anesthesia. 

Chapter 12 discusses the results from the studies presented in this thesis and 
summarizes the conclusions. Because in several cases no statistically significant 
results were found when expected this chapter also presents a power analysis to 
indicate the number of patients to be analyzed for obtaining a statistically significant 
result. The separation of the analgesie and hypnotic components of anesthesia that 
was suggested by the results described in Chapter 11 is elaborated upon. In the 
author's opinion MLAEP and EEG measurements may significantly enhance the 
anesthesiologist's ability to assess anesthetic adequacy. It is, however, unlikely that 
these measurements will provide an absolute scale for anesthetic depth. 
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Doel van het onderzoek beschreven in dit proefschrift is het ontwikkelen van een 
methode waarmee op betrouwbare en objectieve wijze het niveau van anesthesie kan 
worden vastgesteld bij patiënten die onder algehele narcose een operatie ondergaan. 
De traditionele bepaling van de anesthesiediepte door de anesthesioloog wordt 
emstig bemoeilijkt door het feit dat moderne anesthetica steeds minder bijwerkingen 
hebben. Bovendien bestaat anesthesie uit meerdere aspecten (bewusteloosheid, 
pijnloosheid, spierverslapping en onderdrukking van autonome reflexen), die met de 
beschikbare moderne anesthetica elk min of meer afzonderlijk beïnvloed kunnen 
worden, zodat geen sprake meer kan zijn van 'de' anesthesiediepte. 

Omdat anesthesie in feite verschillende aspecten van de werking van het centrale 
zenuwstelsel onderdrukt, hebben de meeste pogingen tot het meten van anesthesie
diepte zich gericht op metingen aan het centrale zenuwstelsel. Technieken die 
mogelijk geschikt zouden kunnen zijn voor het meten van anesthesiediepte zijn ener
zijds de spontane hersenactiviteit (EEG) en anderzijds de hersenactiviteit opgewekt 
door auditieve prikkels, zoals bijvoorbeeld klikjes of tonen die de patiënt via een 
oortelefoontje te horen krijgt. De hersenactiviteit die het gevolg is van deze klikjes of 
tonen wordt een auditieve evoked potential1 (AEP) genoemd. 

Voor het onderzoek beschreven in dit proefschrift zijn het EEG en de AEP gemeten bij 
patiënten die een open-hart operatie ondergingen in het Catharinaziekenhuis in Eind
hoven. Er zijn twee studies gedaan: een pilot studie die is uitgevoerd bij 12 patiënten, 
en een grotere studie bij 41 patiënten. Voor de analyse van het EEG en de AEP is 
gebruik gemaakt van gegevens uit het EEG spectrum en gegevens over karakteris
tieke pieken in de AEP. Het EEG spectrum geeft weer hoe de activiteit in het EEG ver
deeld is over de verschillende frequenties. Gegevens afgeleid uit dit spectrum zijn 
bijvoorbeeld de mediaan frequentie, die een maat is voor de gemiddelde frequentie in 
het spectrum, en de speetral edge frequentie, die weergeeft wat de hoogste frequentie 
is die nog aanwezig is in het spectrum. De AEP bestaat uit een opeenvolging van 
pieken en dalen. Gegevens afgeleid van de AEP zijn de latenties van deze pieken en 

1 Het is gebruikelijk om de term 'evoked potential' niet te vertalen in het Nederlands, maar als op 
zichzelf staand begrip te hanteren. 
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dalen (met latentie wordt bedoeld het tijdstip na het toedienen van een klik of toon 
waarop de piek of het dal optreedt) en de amplitudes hiervan. 

Omdat de gemeten EEG en AEP signalen zeer klein zijn (enkele honderden micro
Volts voor het EEG en enkele micro Volts voor de AEP) zijn deze signalen erg gevoelig 
voor verstoringen, bijvoorbeeld door apparatuur in gebruik op de operatiekamer. Om 
de invloed van dergelijke verstoringen op het gemeten signaal te beperken is een 
methode ontwikkeld en geëvalueerd waarmee deze verstoringen gedetecteerd en van 
verdere verwerking uitgesloten kunnen worden. 

Vanwege het ontbreken van een goede standaard voor anesthesiediepte, is in het hier 
beschreven onderzoek gebruik gemaakt van afgeleide maten voor anesthesiediepte. 
Om te beginnen is gekeken naar de relatie tussen de concentratie van de toegediende 
anesthetica in het bloed van de patiënt en de gemeten EEG en AEP signalen. Hieruit 
bleek dat de latenties van bepaalde pieken in de AEP enigszins correleerden met de 
gemeten concentraties, en dat zowel de amplitudes van deze pieken als maten 
afgeleid uit het EEG deze correlatie niet of minder sterk vertoonden. De variaties in 
de gemeten concentraties waren echter niet voldoende om de variaties in de AEP en 
het EEG te verklaren. Hieruit werd geconcludeerd dat metingen van het EEG en de 
AEP niet gebruikt kunnen worden om concentraties van de toegediende anesthetica 
in het bloed te voorspellen. 

De mate van pijnloosheid is bestudeerd door te bekijken of de patiënt nog reageert op 
het toedienen van een pijnlijke prikkel met een stijging van de hartslag of bloeddruk. 
De pijnlijke prikkel was in dit geval het moment van eerste incisie door de chirurg en 
het moment van sternotamie (doorzagen van het borstbeen). De amplitudes van 
bepaalde pieken in de AEP en, in iets mindere mate, frequentiematen uit het EEG 
bleken te reageren op een dergelijke pijnprikkel. Bovendien bleken de latenties van 
karakteristieke pieken in de AEP al voor het moment van eerste incisie afwijkend te 
zijn voor die patiënten die op incisie reageerden met een toename van hartslag en 
bloeddruk. Met een combinatie van maten uit de AEP en het EEG en metingen van 
hartslag en bloeddruk vóór eerste incisie bleek het mogelijk om bij 72% van de 
patiënten correct te voorspellen of een patiënt een toename in hartslag of bloeddruk 
zou vertonen als reaktie op incisie. 

Voor het onderzoek naar de mate van bewusteloosheid is samengewerkt met de sectie 
Psychonomie van de Katholieke Universiteit Brabant in Tilburg. De mate van bewus
teloosheid is op twee manieren bestudeerd. In de eerste plaats zijn zogenaamde 
'oddball' metingen gedaan tijdens de anesthesie. Bij een dergelijke meting krijgt de 
patiënt twee soorten tonen te horen: één lage toon die herhaaldelijk wordt 
gepresenteerd, af en toe afgewisseld met een veel hogere toon. Door de gemiddelde 
reaktie van de hersenen op zowel de vaak voorkomende lage toon als de veel minder 
vaak voorkomende hoge toon te meten, kan vastgesteld worden of de hersenen 
tijdens de narcose nog onderscheid kunnen maken tussen de twee tonen. Bij de 
patiënten in het onderzoek bleek dit niet het geval te zijn. Wel bleek het mogelijk om 
op basis van de amplitudes en latenties van bepaalde pieken in de AEP en karak
teristieke frequenties in het EEG te voorspellen bij welke patiënten de tonen nog een 
reaktie in de hersenen opwekten. De mate van bewusteloosheid is ook bestudeerd 
door middel van zogenaamde impliciet geheugen tests na afloop van de operatie. Met 
behulp van een dergelijke test kan worden vastgesteld of de patiënt zich onbewust 
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iets kan herinneren van informatie die tijdens de narcose is aangeboden. In de pilot 
studie die gedaan is bleek dit het geval te zijn bij 3 van de 12 patiënten. Doordat het 
echter ging om een pilot studie waren niet genoeg gegevens beschikbaar om te bekij
ken of het vóórkomen van impliciet geheugen voorspeld zou kunnen worden uit de 
gemeten AEP en EEG signalen. In de tweede studie werden geen aanwijzingen meer 
gevonden voor impliciet geheugen. 

Tenslotte is een zogenaamde principale factor analyse toegepast op de gemeten AEP 
en EEG data om onderliggende effecten (factoren) te ontdekken die mogelijk samen
hangen met aspecten van anesthesie. De factoren resulterend uit deze analyse werden 
gedefinieerd door de latenties van karakteristieke pieken in de AEP, door de ampli
tudes van deze pieken en door verschillende frequentiematen uit het EEG. De fac
toren die gedefinieerd werden door de latenties van pieken in de AEP bleken gerela
teerd te zijn aan de mate van bewusteloosheid. De factoren die gedefinieerd werden 
door de amplitudes van pieken in de AEP waren gerelateerd aan de mate van pijn
loosheid. Dit resultaat suggereert dat metingen van het EEG en de AEP gebruikt 

- kunnen worden om de mate van pijnloosheid en bewusteloosheid apart van elkaar te 
beoordelen. 

Samenvattend kan gesteld worden dat metingen van het EEG en de AEP de anesthe
sioloog kunnen helpen bij de beoordeling van de adequaatheid van verschillende 
aspecten van anesthesie., Het is echter onwaarschijnlijk dat deze metingen een 
absolute maat voor 'de' anesthesiediepte zullen kunnen geven. 
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aan dit onderzoek beginnen, en daar ben ik je erg dankbaar voor. Je ondersteuning bij 
alle technische en organisatorische problemen was enorm waardevol, en je was een 
bron van enthousiasme. Ik ben je bijzonder dankbaar voor het feit dat je het steeds 
klaar speelde om ondanks je overvolle agenda toch tijd te vinden voor het lezen van 
eerdere versies van dit proefschrift. 

Mijn mede-uitvoerder bij dit onderzoek, Hannie van Hooff, wil ik bedanken voor de 
geweldige samenwerking. Hannie, het is onmogelijk om op deze plaats recht te doen 
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ziekenhuis. Erik, bedankt voor je anesthesiologische adviezen, voor alle fondsen die je 
wist te werven, voor het inschakelen van de diverse afdelingen in het ziekenhuis, en 
voor je voortdurende enthousiasme en belangstelling. Dr. Grouls en de laboranten 
van de apotheek van het Catharina ziekenhuis ben ik zeer erkentelijk voor hun bij
dragen bij de propofol en alfentanil bepalingen. De medewerkers van het Catharina 
ziekenhuis die op diverse manieren bij het onderzoek betrokken waren (de anesthe-
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siologen en cardiopulmonaal chirurgen, de afdeling klinische neurofysiologie, de 
verpleegkundigen van de Intensive Care, de anesthesie assistenten, en de verpleeg
kundigen van de afdeling 6 west) ben ik veel dank verschuldigd voor hun assistentie 
en hun enthousiasme. Alle patiënten die hun medewerking wilden verlenen aan het 
onderzoek ben ik zeer dankbaar: zonder hen was dit onderzoek nooit mogelijk 
geweest. 

Verschillende stagiaires en afstudeerders bij de vakgroep EME hebben een bijdrage 
geleverd aan de voortgang van het onderzoek, waarvoor ik hen bijzonder erkentelijk 
ben. De medewerkers van de vakgroep EME wil ik bedanken voor hun technische 
ondersteuning, maar vooral ook voor de prettige sfeer binnen de vakgroep. Dr. Jan 
Scheirs wil ik hartelijk bedanken voor zijn inhoudelijke bijdragen aan hoofdstuk 6. 
Laurel Beecher dank ik voor haar correcties van mijn Engels taalgebruik. 

Mijn ouders ben ik bijzonder dankbaar voor de vanzelfsprekendheid waarmee ze 
mijn gehele studieloopbaan hebben ondersteund en gestimuleerd. Mijn schoonouders 
wil ik graag bedanken voor hun gastvrijheid toen ik met het schrijven van dit proef
schrift bezig was. Alle musici waarmee ik heb mogen samenwerken dank ik voor de 
geboden ontspanning; in het bijzonder wil ik Frans van de Wiel bedanken voor zijn 
inspirerende persoonlijkheid en zijn onovertroffen espresso. 

Tenslotte wil ik Maarten van de Velde bedanken voor zijn steun. Maarten, je was een 
ideale collega, en ik ben je zeer dankbaar voor je onmisbare bijdragen aan dit project. 
De meeste dank ben ik je echter verschuldigd voor je liefdevolle ondersteuning en je 
onvoorwaardelijke vertrouwen in de goede afloop. 
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Stellingen 

behorende bij bet proefschrift 

Monitoring adequacy of anesthesia 
using spontaneous and evoked 
electroencephalographic activity 

door N.A.M. de Beer 

1. 

Uit het feit dat adequate algehele anesthesie zowel analgesie als onderdrukking 
van bewustzijn vereist waarbij analgesie en bewustzijn vrijwel onafhankelijk van 
elkaar beïnvloed kunnen worden, moet geconcludeerd worden dat het begrip 
'anestbesiediepte' niet bestaat. 

Dit proefschrift 

2. 
De vorige stelling laat onverlet dat het te verwachten is dat anesthesiediepte in de 
praktijk gedefinieerd zal gaan worden als datgene wat gemeten wordt met 
neurofysiologische signalen, net zoals intelligentie in de praktijk gedefinieerd is als 
datgene wat gemeten wordt met een IQ-test. 

Dit proefschrift 

3. 

Aangezien de technische beperkingen van midlatency auditieve evoked potentials 
in sterkere mate van toepassing zijn op de P300, is het logischer om de P300 te 
zien als een mogelijke referentie ter validatie van, dan als een alternatief voor, 
midlatency auditieve evoked potentials als maat voor anesthesiediepte. 

Dit proefschrift 

4. 

De neiging van veel onderzoekers om zowel de nadelen van bestaande technieken 
als de voordelen van door hen voorgestelde nieuwe technieken (bijvoorbeeld voor 
het meten van anesthesiediepte) te overdrijven, bemoeilijkt een objectieve 
vergelijking. 



5. 

Het ondergaan van algehele anesthesie is vele malen onveiliger dan als passagier 
vliegen met een commerciële luchtvaartmaatschappij. 

JS Gravenstein-APSF Newslener 1995; JO: 25-29 

6. 

Multidisciplinaire projecten waarin zowel technische als niet-technische 
disciplines vertegenwoordigd zijn stellen hogere eisen aan de samenwerking dan 
wanneer uitsluitend technische disciplines vertegenwoordigd zouden zijn. 

7. 

Hoewel Pirsig gelijk heeft met zijn stelling dat elk fenomeen met een oneindig 
aantal hypothesen verklaard kan worden, is zijn conclusie dat deze stelling 
catastrofaal zou zijn voor de geldigheid van wetenschappelijke methodieken 
gebaseerd op de onjuiste veronderstelling dat de wetenschap absolute waarheden 
produceert. 

Robert M. Pirsig-Zen and the Art of Motorcycle Maintenance ( 1974): " 'The 
number of rational hypotheses that can explain any given phenomenon is infinite.' 
1f true, this law [ ... ] is a catastrophic logica[ disproof of the general validity of all 
scientific method." 

8. 

In het Opleidings- en Begeleidingsplan van AIO's en OIO's zou opgenomen 
moeten worden dat in het eerste jaar een relevante conferentie bezocht dient te 
worden, zonder daar de verplichting van een te presenteren paper aan te 
verbinden. 

9. 

Het stellen van eisen aan het rendement van een opleiding zonder eisen te stellen 
aan de kwaliteit van de instroom, suggereert een enorm vertrouwen in het 
vermogen van opleidingsinstituten hun curriculum zodanig te verbeteren dat de 
kwaliteit van de uitstroom gehandhaafd blijft. 

10. 

Gezien het feit dat fysiek en psychisch gedrag vaak nauw met elkaar verbonden 
zijn, is het voor wetenschappers in multidisciplinair onderzoek een plezierige 
bijkomstigheid dat het bespelen van een blaasinstrument een naar buiten gerichte 
houding vereist. 



11. 

Het voorschrijven van het tremolo c1-es1 door Richard Strauss in de 3e fluitpartij 
van zijn symfonisch gedicht 'Ein Heldenleben' moet niet gezien worden als een 
blunder, maar juist als een bevestiging van zijn instrumentatie-kennis. Dat het 
betreffende tremolo op een moderne fluit onmogelijk te spelen is, is een indicatie 
voor het pragmatisme van fluitbouwers om geen 'gadgets' te monteren die vrijwel 
zeker binnen enkele weken defect zullen zijn. 

12. 

Deelnemers aan de TV-kwis 'Per Seconde Wijzer' dienen niet alleen te 
beschikken over een ruime kennis van het gekozen onderwerp, maar ook over 
stressbestendigheid, een goed korte-termijn geheugen, en het vermogen te 
vertrouwen op intuïtie. 

V ara Nederland 3-4, 9 & 16 februari 1995; 20:50-21:20 uur 

13. 

Het wezen van kunstbeoefening ligt in het streven naar een ideaal en niet 
noodzakelijk in het bereiken ervan. Het is dan ook verwonderlijk dat de meeste 
muziekrecensenten niet zelf deelnemen aan dit streven, maar slechts schrijven over 
het al dan niet falen ervan. 

14. 

"It is the spectator, and not life, that art really mirrors." 
Oscar Wilde-The Picture of Dorian Gray ( 1890) 

Eindhoven, 29 maart 1996 




