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Er is een vraag
Die geen antwoord vergt,
Een glimlach die in zich

Een raadsel bergt.

J.B. Schepers

Voor mijn ouders



And  the   trouble   with  brains,
it seems,

is that when you look in them,
you  discover  that  there's   nobody   home.

Daniel C. Dennett
Consciousness explained
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PART ONE

METHODS AND THEORETICAL ISSUES



1

GENERAL INTRODUCTION

Although general anesthesia is considered to suppress consciousness, case
reports and experimental studies have provided postoperative evidence for the
preservation of some form of cognitive functioning in patients undergoing
surgery. The most clear example is that some patients, who were presumed to
be adequately anesthetized, have been found to be capable of remembering
events or conversations that had occurred during their operation [Cobcroft and
Forsdick, 1993; Moerman et al. 1993]. Such experiences can be most
distressing for patients and may cause long-lasting sleep disturbances and
serious emotional problems [Bonke, 1990]. Fortunately,     only     a     few
anesthetized patients are able to consciously recall intraoperative events
postoperatively. Absence of recall, however,   does not necessarily imply
absence of intraoperative perception, and neither does it imply a complete
failure of memory.  This  has been demonstrated in studies using more sensitive
or indirect measures of memory retrieval, as will be described in the next
chapter. It has been suggested that also these kinds of memories (outside
awareness) may negatively influence the patients' recovery and well-being
[Bonke, 1990; Cheek,    1959]. In order to control    for the possibility   of
intraoperative information processing and memory, it is essential to specify the
conditions under which these processes may occur.

Several circumstances may have contributed to the fact that there is still not
much known about perception and memory in anesthesia, despite the attention
given   to this topic in scientific meetings and journals. First,   the   role   of
consciousness during processing and registration of information has not yet
been identified. For example, can information be registered when patients are
truly unconscious, as in adequate anesthesia, or does this occur exclusively
during brief moments of consciousness or light anesthesia? Second, there is no
generally accepted theory about how anesthetics act on the central nervous
system and suppress consciousness, let alone objective criteria to monitor this.
In most studies, both issues have been investigated separately, the first being
mainly a topic for psychologists, the second being mainly a topic for
anesthesiologists assisted by biomedical engineers. More recently, however, it
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has been generally recognized that both perspectives need to be combined to
improve our knowledge about the conditions under which the ability to
perceive, process and store information is preserved. Clarifying this issue may
have important implications for both clinical practice and psychological
theories of learning.

The work presented in this thesis is intended to examine the relationship
between intra- and post-operative data. In addition, comprehensive recordings
have been taken during surgery to monitor as accurately as possible the
anesthetic state of the patients and to evaluate their ability to perceive and
process auditory information. The ultimate goal was to attain measures that
can be used to detect, analyze and monitor the level of intraoperative
information processing. It was hypothesized that auditory evoked potentials
and event-related potentials would be of particular value. These types of
electro-physiological recordings have been used to examine different stages of
information processing, from transmission to the cortex, via perceptual and
evaluation processes, to retrieval from memory. The research has been carried
out as a co-operation between the Physiological Psychology Section at Tilburg
University, the Department of Medical Electrical Engineering at Eindhoven
University of Technology and the Department of Anesthesiology at the
Catharina Hospital Eindhoven. The research project was made possible by the
Co-operation Center Tilburg and Eindhoven University (Samenwerkings
Orgaan Brabantse Universiteiten). The total project has resulted    in    two
dissertations, discussing separate but partially overlapping issues. The thesis
presented at Eindhoven [De Beer, 1996] has mainly stressed the technical and
monitoring aspects, whereas the present thesis has put most emphasis on the
psychophysiological measurements.

1.1     Ambiguity in terminology

1.1.1 Awareness
The research topic as outlined so far is known as "memory and awareness
during anesthesia" . This formulation, however, has introduced some confusion
in the literature because  of  the  use  of the ambiguous term "awareness".  For
instance, Ghoneim and Block [1992] have defined awareness as "the quality or
state of being aware, i.e. watchful, vigilant, informed, cognizant, or
conscious" whereas Wilson and Vaughan [1975] have defined it as "the ability
to  recall,  with or without prompting, any event occurring during anesthesia".
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Jones [1989] has increased the ambiguity further by distinguishing three levels

of awareness, to stress the fact that consciousness is not an all-or-none

phenomenon. These levels range from conscious awareness without amnesia,
through conscious awareness with amnesia, to subconscious awareness with

implicit but no explicit recall. The question of whether a fourth stage of no
awareness exists is left open. According to Griffiths and Jones [1990], this
interpretation incorporates the concept of awareness as "pre-conscious

processing of sensory information, which may or may not subsequently enter
consciousness where the information is subject to introspection". Rather  than
using the concepts of conscious or pre-conscious, I believe it is more
important to disconnect the term awareness from the ability to retrieve

intraoperatively presented material  [see also Ghoneim and Block,  1992].  In the
present thesis, the term awareness is used in its strictest sense, as defined by
Ghoneim and Block [1992]. Memory   is   used to refer   to the processes   of

information encoding, retention. and retrieval. As is described in the next
chapter, it is possible that patients show evidence for registration of
intraoperative material without being aware of having formed any new
memories (memory without awareness). In addition, such evidence does not
necessarily imply that patients were aware at the moment of information

processing and registration (perception without awareness).

1.1.2 Depth of anesthesia
Depth of anesthesia is difficult to define because anesthesia is a highly

complex combination of depression of distinct functions of the central nervous

system. For example, analgesia and unconsciousness can be distinguished as
separate functions of anesthesia, which are normally controlled by
administration of different drugs. In correspondence, it seems plausible that
certain physiological measures are more suitable to monitor analgesia than

(un)consciousness, and vice versa. In contrast, the concept "depth of
anesthesia" suggests that the anesthetic state of an individual patient can be

represented by one particular index. However, I believe that it is not possible.
nor useful, to specify "the" depth of anesthesia without referring to the state of
the separate functions of anesthesia. Because this thesis is about information
processing and memory during anesthesia. I prefer to refer primarily to the
level of auditory perceptual processing during anesthesia, instead of to the
depth of anesthesia. Because perception and attention are the essential

foundations upon which all other aspects of consciousness depend [Hobson, in
preparation], the level of auditory processing is supposed to correlate  with  the
level of consciousness. Other aspects of anesthesia, like analgesia and muscle

relaxation, are of equal importance for assessing the depth of anesthesia, but
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are  outside the scope  of this thesis. In addition, adequate anesthesia refers  in
my opinion to the evaluation of the state of anesthesia in a particular situation,
which is the responsibility of the anesthesiologist. So would it be possible. for
example, that in achieving adequate anesthesia the risk of auditory processing
is preferred to the risk of excessively deep anesthesia.

1.2  Incidence and causes

The incidence of recall of intraoperative events is difficult to establish, but
varies around one percent [Jones,  1994]. The exact percentage depends  on the
type of operation, the anesthetics  used and patient characteristics. The highest
incidence of recall is reported for caesarian sections, heart- and major trauma
surgery. These types of surgery are normally carried out under relative light
anesthesia to prevent neonatal damage or to secure the critical condition of the
patients respectively. Patient characteristics     such as preoperative anxiety,
obesity, chronic use of hypnotics (e.g. alcoholism) are also associated with a
higher incidence of postoperative memories [Bonke, 1990; Cogliolo   et   al.,
1990;  Ghoneim and Block, 1992]. Another source of variation arises  from  the
different techniques    used to detect intraoperative awareness or memory.
Because of fear, misbeliefs, and suppression, simply waiting for spontaneous
reports may lead to an underestimation of the incidence of awareness and
recall. Routinely asking about anesthetic experiences may reveal more reliable
figures, and patients in need of psychological help can be readily identified
[Moerman  et  al.,   1993]. The incidence of memories outside awareness   (i.e.,
not retrievable into consciousness) is largely unknown because these types of
memory are difficult to trace and are usually not assessed on an individual
basis (see Chapter 2).

Misinterpretation of the level of anesthesia and equipment failure or misuse is
uncommon but can still occur in daily practice. For example, due to an empty
cylinder of nitrous oxide an inadequate concentration of anesthetic may be
delivered to the patient. Comparably, an unnoticed leakage in the intravenous
supply may prevent anesthetics from reaching the patient. Normally, these
(human) errors are quickly noticed, frequently assisted by automatic built-in
alarms, and dangerous injuries prevented. Cases of intraoperative awareness
and  memories  due to anesthesia failure  are  not the topiC  of this thesis.
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For some operations the anesthesiologist needs to give relative light anesthesia

(see above), which may sometimes result in excessively light anesthesia. This
is a crucial problem because the level of anesthesia, including awareness and

registration in memory, cannot accurately be assessed with existing monitoring
techniques. A typical illustration of this problem is presented by Moerman et
al. [1993]. They describe a number of cases in which patients had explicit
recall of intraoperative events.  Most of these patients had experienced auditory
perception, sometimes accompanied by sensations of paralysis. The anesthetic
records of these patients and those of matched controls were subsequently
presented to experienced anesthesiologists. Remarkably,   they   were   not   able   to

correctly identify the cases of awareness and recall when judging the records.
Apparently, the anesthetic records that were used in clinical practice,
contained insufficient information to detect cases of awareness and recall. This
implies that supplementary measures are needed to improve anesthesia

monitoring.

1.3  Methods for detecting memory and awareness

The possibility of auditory processing has been studied after and during
anesthesia. Memory fbr intraoperative events can be studied atter anesthesia

using various paradigms. Because recall and recognition may underestimate
the presence of material in memory, several methods have been proposed that
are claimed to be more sensitive or more capable of retrieving stored material.
These methods are based upon: (1) Hypnosis, inducing a regression back to
the surgical period, (2) Changes in postoperative behavior prompted by
intraoperative suggestions, (3) Faster and better recovery provoked by
therapeutic suggestions presented during surgery, and (4) Priming effects in
implicit memory tasks    due to prior intraoperative exposures. These

postoperative methods are discussed in more detail in Chapter 2.

During anesthesia, awareness has been studied frequently as a partial, but
significant problem encountered in monitoring depth Of anesthesia. Because

unnoticed awareness has occurred in presumed adequate anesthesia, clinical
measures that are traditionally monitored during surgery seem insufficient to
evaluate correctly all anesthetic aspects. Suggested measures for improvement
include (1) accurate quantification of clinical signs, (2) facial muscle activity
(electromyography), (3) lower oesophageal contractility, (4) spontaneous
electrical brain activity (electroencephalography), (5) auditory evoked
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potentials, and (6) auditory steady state response or 40 Hz component. Inorder to validate these measures a reference is needed that is able to indicate
the level of consciousness or information processing. Measures that are
proposed to detect the occurrence of awareness or high-level processing and
which can serve as an intraoperative reference are (1) the isolated forearm
technique,   and (2) event-related potentials. These types of intraoperative
measures are discussed  in more detail in Chapter  3.

It seems plausible that post- and intra-operative measurements are more or less
correlated. That is, the presence of memories for intraoperative events should
coincide with particular circumstances during the operation. Such a
relationship, however, has not yet been established. In the present thesis it has
been evaluated whether event-related potentials (ERPs) are suitable means to
assess continuation of auditory processing during surgery and to reveal
memories for intraoperative events after surgery. By recording and analyzing
these signals for each patient individually it would be possible to examine their
relationship. The recording of ERPs and their association with perceptual and
memory functions are described in Chapter 4.

1.4   Outline of this thesis

The current thesis consists of three separate parts. The first  part is theoretical
comprising five chapters. After the present chapter, introducing the main
research topic and the different approaches that have been applied previously,
the next two chapters describe these different approaches in more detail.
Chapter 2 provides an overview of studies of memories for intraoperative
events (psychological approach), whereas Chapter 3 provides an overview of
studies of intraoperative monitoring (clinical approach). Chapter 4 is intended
to familiarize the reader with ERP recording and ERP interpretation. ERPs
play a major role in all our experiments. The final chapter of this theoretical
part gives an outline of the methodology applied in the clinical studies
(Chapter 5). These chapters can be used as supportive material.

The second and largest part is an experimental part discussing the results from
our different studies. These chapters are presented as independent papers  that
are   accepted or submitted for publication in different scientific journals.
Chapter 6 presents the results of a validation study in normal volunteers to
examine whether  ERPs  can be  used as indices of covert recognition memory.
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Chapter 7 discusses the results of a preliminary clinical study in a relatively
small group of patients undergoing cardiac surgery. The purpose of this study
was to investigate the feasibility of the proposed recording and analysis
techniques. Chapters 8 to 10 address different aspects of a subsequent clinical
study   in a large group of patients  (N =41). With respect  to the preliminary
study, minor changes  were  made  to the protocol applied  to  this (main) study.
Chapter 8 discusses the utility of ERP measurements to assess information
processing during surgery (intraoperative data). Chapter 9 evaluates    the
application of an ERP-based procedure to detect memories for intraoperative
events (postoperative data). Finally, Chapter 10 discusses the possibility to use
midlatency AEP components to predict the occurrence of long-latency AEP
components, which are considered to reflect perceptual processes (combination
with neurophysiological measurements performed  by  De  Beer).

The third part presents a general overview of the main results obtained during
the different studies. Implications for clinical practice and electrophysiological
theories of perceptual processing are discussed, supplemented with suggestions
for further research (Chapter  11).
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2

PSYCHOLOGICAL APPROACH:

POSTOPERATIVE EVIDENCE FOR MEMORIES
FOR INTRAOPERATIVE EVENTS

In this chapter several memory studies are discussed which have addressed the

question of whether or not anesthetized patients can perceive and store
intraoperatively presented information. First, the distinction between and
characteristics of explicit and implicit memory are described briefly, because
these two types of memory are frequently referred to in the literature (2.1). In
the next paragraph, procedures are described that have been used to retrieve
memories for intraoperative events (2.2). A review is given which is not
intended to be exhaustive but aims to provide a general summary of the
different methodologies applied to anesthesia research [for more extensive
reviews, see Andrade, 1995; Ghoneim and Block, 1992]. Methodological
considerations are discussed in the next paragraph (2.3). Finally, an overall
conclusion and suggestions for further research are given (2.4).

2.1   Explicit and implicit memory

Information initially enters a series of sensory registers, in which it is
maintained  for a brief period of several hundred  msec  or  less. Such registers
(e.g., iconic memory for visual material and echoic memory for acoustic
material) may be best regarded as representing the processes involved in
perception [Baddeley,    1995].    From the sensory registers, information   is
transported to short-term memory, in which it is retained over periods of
seconds or minutes, and to long-term memo,y, in which it is durably stored
for hours, days, and years. Information that is stored in long-term memory
may have bypassed short-term memory [Dixon, 1981]. Short-term memory
should be regarded not just as a temporary store but as a working memory
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responsible for a variety of additional control processes, such as rehearsel,
encoding and decision making [Baddeley,    1995].   It is considered   to   be   a
flexible process comprising a central executive and two "slave" subsystems,
consigned to hold and manipulate visual and speech-related material
respectively. The central executive or attentional controller    is a limited-
capacity system which is responsible for providing the link between the slave
systems and long-term memory, and for strategy selection and planning
[Baddeley,   1995]. The remainder  of this chapter will discuss the concept  of
long-term memory, because that is the type of memory assessed after surgery.

Memory and remembering usually refer to deliberately bringing into
consciousness something that has occurred in the past. This process is known
as "explicit memory", which  can be studied using tests  such  as free recall,
cued recall and recognition. A prominent characteristic of these tests is that
they make explicit reference to, and require conscious recollection of, a
previous learning episode [Schacter, 1987]. Explicit memory performance
crucially depends on attention to, and elaboration of, the information
presented. For that reason, it is plausible that the ability to recall or recognize
intraoperative events is normally absent for patients subjected to general
anesthesia. Nevertheless, there are also task situations in which memory
retrieval is less dependent on the degree of attention or effort allocated to the
initial learning episode. In these situations, memory is revealed by a
facilitation or change in task performance that is attributable to information
previously encountered. This effect   is also known as "priming", which   is
considered   to   be a manifestation of "implicit memory". For this type Of
retrieval consciousness is not a necessary prerequisite [Graf and Schacter,
1985].

Related but not completely similar expressions to explicit and implicit memory
are "declarative" and "nondeclarative" memory respectively [Squire and
Knowlton, 1995]. Declarative memory refers to memory for facts and events.
In comparison, nondeclarative or procedural memory refers to a collection of
abilities including priming, skill and habit learning, classical conditioning and
the acquisition of category-level knowledge. Another frequently used
dichotomy  is  that of episodic and semantic memory [Tulving, 1995]. Episodic
memory enables individuals to consciously remember personally experienced
events. In contrast, semantic memory provides the individual with the
necessary material for thought,  i.e.,  a  kind of general knowledge  of the world.
Retrieval from episodic memory is explicit, whereas retrieval from semantic
memory is considered implicit. Sometimes explicit and implicit memory have
been described in terms of conscious and unconscious memory, but the role of
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consciousness is generally poorly incorporated into models of memory
[Moscovitch,   1995],   and such dichotomy  may  be an oversiinplification. There
is no general agreement about how to integrate all these different types of
memory and terminology  into one universal scheme. The differentiation which
is most commonly used in studies of memory in anesthesia, and which is
therefore adopted in the present thesis, is between explicit and implicit
memory, as defined by Schacter   [1987].   The most uncomplicated   way   to
appraise explicit and implicit memory is to consider them as different
expressions of memories   [see  Tulving,   1995],   in  close  relationship  to  the  type
of  test  used to retrieve past experiences.

As previously mentioned, explicit memory tests are based upon recall, cued-
recall and recognition. The tests most commonly used to examine implicit
memory are lexical decision, word identification, word completion and
constrained association. Subjects are simply required to perform these kind of
tasks, without reference  to a previous presentation period.   In a lexical decision
task, subjects are instructed to express whether or not a particular letter string
constitutes   a word. Priming is reflected   by a decrease in reaction-time   (RT)
for   a previously presented letter string compared   to a novel letter string.   In   a

word  identification task, subjects have to identify a briefly exposed stimulus.
Priming on this task is indicated by an increase in the accuracy of identifying
recently exposed items relative   to new items.   or   by a decrease   in the amount
of exposure time necessary to identify recently exposed items compared to
new items. In a word completion task, subjects are instructed to complete a
word-stem   with the first   word that comes   to   mind.   In   this task, priming   is
reflected by an enhanced tendency to complete test stems with words exposed
on a prior study list. In constrained association tests, subjects are asked to
generate a member of a certain category which comes first to mind. Priming
is present as an increase in the probability that an item presented in the
learning period  will be subsequently generated [Schacter  1987].

At the beginning of this century the most popular idea was that explicit and
implicit memory differed only in their sensitivity to the strength of memory
traces [for citations, see Schacter, 1987]. However, this interpretation  was
later rejected on the basis of clinical and experimental dissociations between
both  types of memory.   The most striking dissociation between explicit  and
implicit memory is that amnesic patients are by definition impaired on tests of
recall and recognition memory,   but can exhibit normal or close-to-normal

priming effects [Roediger, 1990; Shimamura, 1986]. Correspondingly, explicit
memory tests have failed to demonstrate recollection of intraoperative events
whereas implicit memory tests have shown evidence for preserved memory
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functions under some circumstances [Andrade, 1995, Ghoneim and Block,
1992]. Other types of dissociations involve distinct influences on explicit  and
implicit memory performance of level or type of study processing, changes in
modality between study and test phases, retention interval, and task-
interference [Schacter,   1987].

Other theories that have been proposed to account for these dissociations are
the multiple memory system interpretation (explicit and implicit memory are
connected to qualitatively different underlying systems), the processing view
(explicit and implicit memory rely on different encoding and retrieval
processes), or the activation view (explicit and implicit memory rely on
intentional and automatic activation respectively). However, as Schacter
[1987] stated: "each of these three theoretical approaches is consistent with
certain features of existing data and has difficulty accommodating others" [p.
511]. Consequently, there    is no single theoretical position that accounts
satisfactorily for all of the existing findings concerning explicit and implicit
memory.

An important issue that has to be taken into account when trying to explain
observed dissimilarities between explicit and implicit memory performance is
that the different types of tests used to reveal these types of memory are not
"process   pure"   [Rugg,   1995].   That   is, test performance may result   from  a
mixture of the two kinds of memory. For example, performance on
recognition tests reflect the influence of more than one memory process, as
illustrated    by the 'dual-process" theories of recognition memory    [e.g.,
Mandler, 1980; Jacoby, 1983]. According to these theories, recognition
performance is determined both on the basis of conscious "recollection" and
on the basis   of " familiarity" (the feeling   that   an   item has recently   been
encountered in the absence of any specific knowledge about where and when
the encounter occurred). Whereas recollection  can be identified   as an example
of explicit memory, the status  of the familiarity component with respect to  the
explicit-implicit distinction is less certain.

2.2  Memory for intraoperative events

2.2.1 Recall and recognition
Case reports and anecdotal observations confirm that, in some situations,
patients may be able to remember explicitly what had happened or what was
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said during surgery. Descriptions of personal experiences illustrate clearly how
distressing awareness and recall can be [Cobcroft and Forsdick, 1993;
Moerman  et al., 1993]. Nevertheless, more formal techniques are required  to
obtain valid information about the nature of postoperative memories and the
conditions that favor its occurrence. Tests using free recall of tape-recorded
words or messages generally failed to demonstrate memory for intraoperative
events [Eisele  et  al., 1976; Millar, 1989]. Given the insensitivity  of  free  or
spontaneous recall, one might expect that addition of retrieval cues would

improve memory retrieval. This turned  out  to  be  not  the case. Dubovsky  and
Trustman [1979] and Cork et al. [1992] could not demonstrate postoperative
memories using a cued-recall routine. Also recognition studies have generally
produced negative results   [Eich  et  al., 1985], although some small positive
effects are reported  as well [Millar and Watkinson,   1983]. The conclusion  that
can be derived from these studies   is that explicit memory, i.e., conscious
recollection of information presented during anesthesia, can only rarely be
observed postoperatively. However, as already noted in the general
introduction, absence of explicit recall or recognition does not necessarily
imply absence of intraoperative information processing nor an entire failure of
memory for material presented during anesthesia. Next, some methods are
discussed that claim to be more efficient at retrieving material of which
patients might have some knowledge.

2.2.2 Hypnosis
Cheek [1959] has enabled six patients to re-experience their operation under
hypnosis. On the basis of their reactions, he concluded that these patients were
able to hear meaningful sounds made in the operating room. Similarly,
Levinson [1965] interviewed ten patients under hypnosis about a mock-crisis
that had been set-up during dental surgery one month before. Four patients
could recall almost literally the fake incident, whereas four others became
anxious and remembered having heard something. The success of hypnosis at
retrieving intraoperative events has been attributed to various causes, including
establishment of empathy with the patients, removal of repression to recall
traumatic events, and utilization of state dependent memory [Ghoneim and
Block, 1992]. State dependent memory refers    to the phenomenon    that
memories acquired in one state will be better recalled in a similar condition
than in a different one. However, the correspondence between the state of
anesthesia and that induced by hypnosis can be questioned.

Despite its initial success, at least in drawing attention to this possible

problem, the contribution of hypnosis to the study of intraoperative
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information processing is generally considered to be of limited value. First,
most studies did not involve controlled experiments but individual case
reports. Second, the hypnotist was frequently not blind for what happened
during the operation [cf., Levinson, 1965]. Third,  in most cases there  was  no
confirmation of the intraoperative incidents or conversations. Fourth, the
description of the anesthetic state was generally absent or incomplete. Fifth,
much of the material recalled under hypnosis appeared to be incorrect.
Finally, the utility of hypnosis in general has often been criticized on the basis
of confabulations and pseudo-memories [Ghoneim and Block,   1992].

2.2.3 Behavioral suggestions
A distinctive way to assess encoding of verbal material during anesthesia, is to
assess the effects of intraoperative suggestions upon spontaneous postoperative
behavior. In general, these suggestions attempt to provoke a specific change in
a behavioral pattern. For example, Bennet et al. [1985] played a tape to
anesthetized patients informing them that it is important to touch their ear
during a postoperative interview. The results showed that these patients indeed
touched their ear significantly more often than patients from a control group.
This was interpreted as an indication that anesthetized patients are still able to
store verbal information in long-term memory. These results were replicated
by Goldmann et al. [1987], who instructed their patients to touch their chin. In
both studies none of the patients had any explicit recall of the given
Suggestions.

The methodology of these studies, however, has been widely criticized [see
Ghoneim and Block, 1992; Millar,    1989].   The main criticism   was   that   the
differences between the experimental and control group were primarily the
result of the extreme reactions of only a few patients. For example, in the
study of Bennet et al. [1985] the reported effect appeared to be due entirely to
two patients in the experimental group who spent most of the interview with
their hand on their ear. Another critique was that baseline assessments of the
target behaviors (ear-pulling or chin touching) was missing. Consequently, it
is impossible to reveal whether the reported effect was due to the
intraoperative suggestions or to pre-existing behavioral habits.

In   an  attempt to replicate the results of Bennet  et  al. [1985], Jansen  et   al.
[1991] failed to find any effect of intraoperative instructions on subsequent
behavior (ear-touching). In this study, the relevant motor response was
assessed pre-operatively and scoring of the behavioral response took place
during a predetermined period on the first postoperative day. Block et al.
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[1991] instructed half of their patients to touch their ear in a postoperative
interview, the other half received the instruction to touch their nose. A
research assistant, blind for the type of suggestion given to the patients, scored
touches Of the ear and the nose during a structured interview conducted on the
same and following day of surgery. During the first interview, patients spent
significantly longer touching the suggested body part than they did touching
the control part. This effect, however, was no longer present the day after
surgery.

In      summary, the described studies, using intraoperative suggestions      to
influence postoperative motor behavior, have produced divergent results. In
addition, the studies that have reported positive effects did frequently show
methodological shortcomings. It therefore  can be concluded that these  type  of
studies did not yield convincing evidence for intraoperative memories.
However, it has motivated other researchers to apply intraoperative
suggestions to prompt more meaningful postoperative changes associated with
the patients' recovery.

2.2.4 Therapeutic suggestions
A clinically relevant use of intra-operative suggestions consists in the
possibility of influencing the postoperative course of patients. By presenting
therapeutic suggestions about relaxation, well being or pleasant feelings, a
comfortable and rapid recovery might be encouraged. For example, Bonke et
al. [1986] presented positive suggestions to one-third of their 91 patients,
consisting of phrases  like  "You are completely relaxed... after the operation
you   will   feel   fine and comfortable... that looks excellent   . . " . The other
patients received either monotonous low-frequency noise or the usual sounds
that  occur  in the operating theatre. The results showed that exposure  to  the
positive suggestions significantly reduced the length of hospitalization, but
only   in a subgroup of older patients   (2 55 years). In addition, other criteria
like subjective well-being, pain, and nursing staff evaluation, did not vary
between groups. Boeke et al. [1988] could not replicate the effect on hospital
stay  in a slightly modified study.

Jelicic et al. [1993a]have investigated the effects of affirmative ("You will
feel comfortable") and non-affirmative ("You will not feel bad") suggestions
on the postoperative course. Patients who had been exposed to both
affirmative and non-affirmative suggestions spent less time in hospital than
patients  who  had been presented  with only affirmative suggestions,  only  non-
affirmative suggestions or some irrelevant text. The groups did not differ in
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subjective well-being. The authors had problems interpreting the outcome that
only mixed suggestions had a favorable effect whereas the separate
"ingredients" had not. They suggested that the results might be due to chance.
Another concern, which also accounts for the earlier mentioned studies, is the
discrepancy between the overall variable "hospital stay" and the subjective or
partial variables, like "well-being". "pain intensity" or "nausea and vomiting".
This inconsistency seems to imply that hospital discharge may be influenced
by other factors, including presence of social support, preoperative physical
status, staff on duty, and hospital capacity.

In  line  with this remark, McLintock  et  al.   [1990] have applied a rather  more
conscientious measure to detect the influence of intraoperative therapeutic

suggestions on postoperative pain sensations. They employed patient-controlled
analgesia devices which permitted accurate measurements of the individual
analgesic requirements. They found that patients   in the suggestion group

required less morphine. A similar result was reported by Steinberg et al.
[1993]. These results suggest that meaningful information was registered  and
capable of influencing analgesic requirements. Regarding the possible
beneficial influence of therapeutic suggestions, this application should   be
supported. However, more uniformity and objectivity in the postoperative
measurements is needed to make this technique suitable for demonstrating

intraoperative memories.

2.2.5 Implicit memory tests
Most apparent evidence for memories for intraoperative events comes from
studies using implicit memory tests. For example, Roorda-Hrdlickova et al.
(1990) administered a category generation task in 81 patients scheduled for
elective surgery under general anesthesia. During the operation, they presented
two familiar, but not proto-typical, exemplars of the categories "fruit"
(banana, pear) and "colors" (yellow, green). Patients from a control group
were  exposed to seaside sounds.   In a post-operative interview all patients  were
asked to generate the first three exemplars that come to mind of the two
experimental categories  and the category "vegetables". Generated exemplars
corresponding to one of the exemplar words presented during anesthesia were
scored  as  "hits". On average, the experimental group scored about three times

as many hits as the control group, whereas the answers of both groups did not
differ  for the non-experimental category "vegetables". This result  has  been

replicated by Jelicic et al. [1992a] using the same stimulus material but a
different anesthetic procedure. Both studies yield clear evidence for informa-
tion processing during anesthesia without explicit recall. However, a possible
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drawback of these studies is their reliance on a very small set of target stimuli.
This difficulty is illustrated by the fact that Block et al. [1991] and
Bonebakker et al. [1993], failed to show any priming effects, using the same
type  of task but other word categories  and less common exemplars.

A related task is the  »ee association task employed  by   Schwender  et   al.
[19948, 1994b]. During cardiac surgery,    a tape containing the story    of
Robinson Crusoe was presented to three groups of patients who received
different anesthetic protocols. Three to five days after the operation, the
patients were asked about their associations     to " Friday".     Five    of    the     10
patients in the group that had been anesthetized with flunitrazepam-fentanyl
spontaneously associated "Robinson Crusoe: which was taken as evidence for
implicit memory.

In the comprehensive study of Block  et  al.   [1991], two implicit memory tests
were also administered to the same group of patients who had received
behavioral suggestions (see above).    In   a word completion   msk, the patients
were asked to complete three-letter strings with the first word that occurred to
them. For half the list, word-completions were primed by presenting them
during anesthesia. The other half served as a control and was presented as a
target   list for other patients. The results revealed that patients completed   the
letter strings more often to words from the list that had been played to them
than from the control list. This priming effect, however, was attributable to
only a small fraction of the patients (34%). The other test administered to the
patients was a nonsense word task. During the operation a list of nonsense
words was presented to the patients with varying frequencies (two, four, eight
or 16 times). After the operation, the patients heard pairs of nonsense words,
one that had been played during anesthesia and one that had not. During two
separate presentations they were asked to indicate which of the two sounded
more pleasant, and to guess which of the two had been played during their
operation respectively. Patients both preferred and guessed more accurately
those nonsense words that had been played to them most frequently (16 times)
relative to those played less frequently (two, four or eight times). This was
taken as evidence that learning during anesthesia had occurred.

Jelicic et al. [1992b] came to the same conclusion, showing that new
associations may be formed in memory during anesthesia, using a famous
names test.  In the study of Jelicic et al. [1992b], half of the patients (group A)
were  presented  with the names  of ten fictitious non-famous people. The other
half (group B) was presented with 10 statements about common facts that had
been largely forgotten (e.g., "Queen Beatrix  came  to the throne   in   1980").
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Both groups served as tile other's control. After the operation, patients were
given 15 questions about the past of which 10 were presented to group B
during anesthesia. Next, patients were asked to state whether each of 20
combinations of first names and surnames belonged to a famous person or not.
Ten of these were presented to group A during surgery. The results showed
that group B had significantly more correct answers than group A for the
commonfacts test. In turn, group A rated the presented name combinations
more frequently as famous than group B. Nevertheless, in a replication study
with a different anesthetic technique and distinct stimuli, a comparable effect
could not be found [Jelicic  et al., 1993b].

To summarize, the results of implicit memory tests suggest that in some
situations memory for intraoperatively presented material can be demonstrated.
However, there is still no consistent picture of the specific circumstances
under which positive evidence for postoperative memories can be found.
Factors that may have contributed to the discrepancies among studies are
discussed in the next paragraph.

2.3 Methodological considerations

As can be concluded from the above review, several studies have produced
evidence for intraoperative memories, most convincingly those employing
implicit memory tests. However, there are also many studies reporting
negative results, raising the question of which factors are responsible for the
conflicting results. The reported studies differ on a wide range of variables,
from which separate influences are difficult to untangle. These variables  can
be divided into three categories associated with (1) the type of test and
stimulus material, (2) the type of anesthetics used and the state of anesthesia,
and (3) the patient population and individual differences. In the following
paragraphs some considerations about these clusters of variables are given
supplemented with suggestions for improvement.

2.3.1 Type of test and stimulus material
Memory tasks may vary in sensitivity, but there is no consensus about which
(implicit) memory test should be recommended to detect intraoperative
memories. Bonebakker et al. [1993] has suggested that perceptual tasks might
retrieve information easier than conceptual tasks [see also Kihlstrom and
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Schacter, 1990]. Perceptual memory tasks   (e.g., word completion) appeal   to
the physical or perceptual properties of stimuli whereas conceptual memory
tasks (e.g., category association) appeal  to the meaning of stimuli. This seems
plausible regarding the higher level of processing required in conceptual
relative to perceptual tasks. However, it does not account for the fact that for
both types of tests positive as well as negative results are reported. Yet,
patients may profit from perceptual similarities, and thus it is important to use
the same modality (auditory and same voice) for presentation in the study and
test phases. This is in accordance with the conclusion that changes in stimulus
modality between study and test reduce performance on implicit memory tests
[Graf et  al.   1985].

Although priming effects appear to be less transient than explicit memory
performance [Schacter,    1987], the initial effect   of a behavioral suggestion
reported by Block et al. [1991] disappeared after a one-day interval. In
addition, long retention intervals may increase the likelihood of interference.
This implies that the delay between the learning phase and the test phase must
not be too long. On the other hand, patients should be allowed time to fully
recover from the after-effects of anesthetic drugs acting upon general cognitive
functioning [Andrade, 1995]. Because these factors suggest opposite actions,  it
is difficult to choose a preferable time of testing, particularly because the
duration of specific priming effects is unknown and because the required
recovery period may vary between types of operation and patients.

The type of information presented during anesthesia may also be a critical
factor in determining the ultimate memory effect. Goldmann [1990] has
suggested that stimuli must be salient in order to be attended. However, the
question remains, which stimuli are more salient than surgery itself? In
addition, stimuli of high emotional value must be avoided for ethical reasons
and may be subject to repression. An alternative way to capture the patients'
"attention" is to address them personally, but the impact of this has not yet
been tested [Andrade,   1995]. The relative familiarity of stimuli  has  also  been
cited to determine priming effects in category association tasks. Roorda-
Hrdlickova et al. [1990] have demonstrated that patients were primed to
generate category exemplars that have been played during anesthesia. In
contrast, Bonebakker  et  al. [1993] failed to demonstrate a priming effect  in  the
same type of task, using less common exemplars.

Surgical period and number of exposures to the experimental stimuli varies
remarkably between studies. The adopted moment of presentation generally
depends on practical limitations as well as on the intention of the
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investigator(s). When interested in demonstrating evidence for perception
during adequate anesthesia, one should present stimuli during a period that
represents a steady anesthetic state with surgical stimulation as can be
expected in common surgical practice [Bonebakker,   1995]. In contrast,  when
examining the relationship between perceptual processing and the anesthetic
state, one should select periods that are presumed to vary in level of
anesthesia. Studies that have systematically varied the number of presentations
have not produced consistent results [Block  et  al., 1991; Winograd  et  al.,
1990] but it may be expected that multiple presentations have a greater impact
that one single presentation.

2.3.2 Type and state of anesthesia
Although it seems reasonable that the probability of intraoperative learning
would vary with the type of anesthetics used, such a relationship has not yet
been established. Comparisons between studies is hindered by the general lack
of standardization of the anesthetic protocols and memory tests employed. In
addition, without any knowledge about the actual state of anesthesia it remains
impossible to draw universal conclusions about the efficiency of different
anesthetic agents to suppress auditory processing. Block et al. [1991] have
reported similar priming effects in one study using either isoflurane or opioid
anesthesia. Schwender et al. [1994a] have examined priming effects in a free-
association task, in three groups of patients receiving different types Of
anesthesia. The highest incidence of priming effects was found in the group
that had received flunitrazepam-fentanyl anesthesia   (5   from   the 10 patients).
However, priming effects were also reported for two patients receiving
isoflurane-fentanyl and propofol-fentanyl anesthesia respectively, thus these

protocols could not prevent information processing in all cases.

Premedication may also affect learning during anesthesia. Benzodiazepines,
frequently used as a preoperative sedative, are known to have amnesic
properties that affect explicit memory [Ghoneim and Mewalt,     1990].
However, it is possible that implicit memory for intraoperative events is
spared after benzodiazepine administration [see Millar,   1989].

The state, rather than the type, of anesthesia might be more critical in
controlling intraoperative auditory processing. The state of anesthesia depends
upon the balance between the sedative effects of the anesthetics and the
stimulation effects of surgery [Jones,   1988]. Most memory studies, however,
have failed to assess the state of anesthesia at the moment of information
presentation. This causes serious interpretation problems, because without
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accurate assessment of anesthesia the occurrence of memory effects can
always be attributed to temporarily light anesthesia levels instead of to "true"
unconscious processing. Considerable progress would therefore be achieved by
taking into account the depth of anesthesia. However, the difficulty is that, to
date, there is no reliable method available to monitor depth of anesthesia,
particularly with respect to possible awareness (see Chapter  3).

2.3.3 Patient population and individual differences
Some types of operations have an increased risk for awareness, which is
illustrated by the higher incidence of recall for caesarean section, cases of
major trauma and cardiopulmonary bypass surgery [Ghoneim and Block,
1992]. In addition, some types of patients   may   be less sensitive   for   the
anesthetic effects than others. For example, it has been suggested that chronic
alcoholism may increase anesthetic requirements [Lemmens    et    al.,     1989].
Patients with high levels of preoperative anxiety may also require more than
normal anesthetic doses [Cogliolo  et  al., 1990]. Memory performance itself
may also be influenced by individual differences. Ghoneim and Block [1992],
for example, stated that highly hypnotizable subjects may have a better
capacity for unconscious perception and a greater ability to manifest the
positive effects of therapeutic suggestions than subjects of low hypnotizability.

Millar [1993] has stressed the importance of individual variation, being a
largely neglected factor in anesthesia research. Individual variation yields a
source of unreliability in interpreting the mean. This has already been
illustrated by the comments assigned to studies of Bennet et al. [1985] and
Goldmann  et  at.   [1987]. In these studies, the effects appeared  to  be  due  to  the
extreme reaction   of  only   a few patients.   For   the same reason,   it   is   not
surprising that inconclusive results are frequently obtained. However, instead
of treating individual variability as a problem, it may also provide valuable
information about circumstances that contribute to specific outcomes   (e.g.,
what made these patients different from the others?). In other words,
individual differences have to be kept in mind (large sample sizes, scatter
plots) or otherwise to be introduced as subject of study.
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2.4 Conclusion

Post-anesthetic memory tests have produced inconsistent results that are
difficult to interpret. This is mainly due to a lack of standardization and
absence of a simultaneous assessment of the anesthetic state. With the existing
methods that are used to detect memories for intraoperative events it has been
demonstrated that verbal information can be stored in memory but it has not
been specified under which circumsmnces this may happen. Studies using

apparently similar material and procedures have produced both positive and
negative results. This suggests    that    the    role    of    type    of    test and stimulus
material might be of minor importance compared to the role of the individual
level of anesthesia. In other words, besides examining the capacity of different
procedures to retrieve possibly stored material, conditions during which
encoding and retention has taken place have to be studied in addition. An
essential improvement relative to previous studies would be to take into
account intraoperative measurements during the period of information
presentation, preferably supplemented with data about perceptual processing
and encoding itself. Furthermore, because it may be expected that the
anesthetic state during a specific surgical period varies across subjects, it is
important to develop a memory assessment procedure that provides
information about memory function  of each patient individually.
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3

CLINICAL APPROACH:

INTRAOPERATIVE MONITORING OF ANESTHESIA

In this chapter several intraoperative recording techniques are discussed that
have been proposed to improve monitoring of anesthesia. First, a short
introduction is given about the functions of general anesthesia, because they
provide the criteria and guidelines for monitoring    (3.1).    In   the    next    two
paragraphs, several techniques are discussed that have been developed to serve

as    a   monitor for depth of anesthesia    (3.2)    and to detect intraoperative
awareness (3.3). These two types of intraoperative measurements differ    in
their predominant objective and their practical requirements. Accurate
assessment of depth of anesthesia includes all anesthetic aspects and should be
suitable for clinical practice. In comparison, detection of awareness considers
exclusively the aspect of consciousness and is less dependent on restrictions
involved with clinical implementation, because  it  is a research  tool. The major
aim of the second type of measures is to provide a reference that can be used
for  validating the first  type of measurements.  The last paragraph presents  an
overall conclusion and implications for our study (3.4). For a more detailed
description of the monitoring procedures the reader is referred to the paper of

Jessop and Jones  [1992]  and the dissertation of De  Beer  [1996].

3.1 Anesthetic functions

Anesthesia is intended to prevent short term and long term physical and
psychological damage to the patient, and to create suitable conditions for the
surgeon to perform the operation. Adequate anesthesia can be defined as a
sufficient level of (1) analgesia (pain suppression), (2) depression of autonomic
reflexes, (3) muscle relaxation,  and (4) unconsciousness and amnesia  (loss  of
memory) [Woodbridge, 1957]. Although  a few authors have argued against
the  inclusion of some of these components [e.g., Pinsker, 1986; Prys-Roberts,
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1987], this categorization presents a helpful starting point  for the specification
of anesthetic depth.

Initially, the required levels of these components were achieved by
administration  of a single anesthetic  drug (e.g., ether or chloroform) often  in a
large dosage, producing serious cardiorespiratory depression which could be
dangerous for very ill patients. At present, however, these functions of
anesthesia are achieved by balanced anaesthetic procedures, consisting of a
combination of different pharmacological agents, each responsible for separate
actions.   With such procedures  it is possible to control the above mentioned
components more or less independently. As a consequence, the required
dosage and possible side-effects have become smaller compared to mono-
anesthetic techniques. However, because each component now had to be
assessed separately and because of the introduction of neuromuscular blocking
drugs, monitoring anesthesia has also become more complicated.

3.2 Monitoring depth of anesthesia

During surgery the state of the patient is monitored to prevent excessively
light or deep anesthesia. This can be accomplished by using the above
mentioned components as possible guidelines. As appeared    from    the
introduction, consciousness and amnesia are particularly difficult to assess
with conventional techniques. Clinical signs like changes in heart rate, blood
pressure and sweating    are most frequently    used in contemporary practice.
They provide indications about the output of the central nervous system but
assessment of the input and central processing capacity is not taken into
account. Another disadvantage of these measures is that they do not provide
useful information during episodes in which circulation processes are
controlled automatically. Other traditional measures like respiratory changes,
agitated movements and muscle tone have become useless with the
introduction of neuromuscular blocking drugs. Additional signals which reflect
input or central processing capacity and which are independent of skeletal
muscle activity are therefore required. According to Thornton and Newton
[1989], such signals should satisfy the following requirements: (1) show
graded changes with anesthetic concentrations, (2) show similar changes for
different agents, (3) show appropriate changes with surgical events, and (4)
indicate awareness or very light anesthesia. It is further important that the
signal  is  able to follow rapid fluctuations  in the patients' state [Simons  et  al.,
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1989]. In order   to   have the monitor accepted   by the people   in the field,
Cluitmans [1990] has supplemented this list with the following criteria: (a) the
monitor should not be open for multiple interpretations, (b) the monitor should
be easy to use, and (c) the monitor should be compact and have low costs.

The value and applicability of newly proposed techniques can be judged by
these criteria. Frequently it will be the case that not all requirements can be
equally met. The pros and cons should be carefully balanced in consultation
with all persons concerned. In the following sections some potential
monitoring techniques are briefly discussed.

3.2.1 Clinical signs
For many years, clinical signs, principally relying on autonomic refiexes, have
been the only measures routinely used to evaluate the adequacy of anesthesia.

In order to quantify these measures, Evans [1987] has devised the PRST
score, based on changes in blood Pressure, pulse Rate, Sweating and Iear
formation. Evans claimed that the PRST score could be used for computerized
control of anesthetic administration although he also mentioned a number of
limitations. The weakness of this method is primarily explained by the fact
that autonomic changes are largely variable between patients and show little or
no correlation with awareness [I.F. Russell,   1989].

3.2.2 Electromyography
Although muscle relaxants have a suppressing effect on spontaneous

electromyographic (EMG) activity, they do not abolish the ability of facial
muscles to react to noxious or auditory stimuli [Edmonds   et   al.,    1986;
Paloheimo   et   al., 1989; Couture   et   al., 1990]. Anesthetic drugs normally
depress facial muscle activity to a level where skin movements are barely

visible, but computerized EMG monitoring enables detection of covert muscle

activity [Paloheimo,   1990]. The underlying principle behind using facial  EMG
as a possible monitor for anesthetic depth is that specific activation patterns of
facial muscles are supposed to reflect distinctive basic emotions, such as pain

expression and psychological stress. So far, clinically applied studies have

produced mixed results.

Paloheimo   et   al.    [1989] have suggested   that   the EMG amplitude   of  the
frontalis muscle provides an objective measure of anesthetic effect within a
clinically accepted degree of reliability. This suggestion was based  upon  the

following observations: (1) induction of anesthesia decreased the mean EMG
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amplitude to levels typically associated with deep slow wave sleep, (2) despite
neuromuscular blockade, intubation and sometimes incision increased the
frontalis EMG amplitude, (3) decreasing enflurane concentration was
associated with an increase in EMG amplitude prior to visible signs of arousal
in half of the patients, (4) movement or other signs of inadequate anesthesia
were associated with increases in EMG amplitude in all but one patient.
Couture et al. [1990] compared heart rate, mean arterial pressure, EEG zero-
crossing frequency and frontal EMG activity as predictors of responsiveness to
verbal commands during wake-up tests in scoliosis surgery. Only the frontal
EMG measure demonstrated state-dependent differences in responsiveness.
They concluded that increases in frontal EMG may indicate inadequate
anesthesia but that objective determination of anesthetic adequacy, including
consciousness, requires multiple considerations in addition to facial EMG.
Chang  et   al. [1988] concluded that facial   EMG   is   not a reliable measure   for
assessing the depth of anesthesia, because large changes in frontal EMG
occurred in patients who did or did not move in response to surgery and
because frontal EMG varied widely between patients.

3.2.3 Lower oesophageal contractility
The smooth muscles in the lower part of the oesophagus are not affected by
muscle relaxants. It has been shown that the frequency and amplitude of
provoked and spontaneous lower oesophageal contractions (LOC) are
influenced by anesthetic agents  and by changes in their dosage [Evans  et  al.,
1987]. These contractions  can be measured by means  of a water-filled balloon
connected to an external pressure transducer, inserted into the oesophagus. In
contrast    to    Cox and White [1986], Evans    et    al.     [1987] have found    a
relationship between LOC and psychological stress. Isaac and Roosen [1990]
have reported an overall trend towards an increase in frequency and amplitude
of oesophageal contractions with an increase in conscious level, but only at the
very light end of the anesthetic spectrum. Furthermore, they considered this
relationship not sufficiently reliable for the detection of intraoperative
awareness.

3.2.4 Electroencephalography
The electrical activity of the brain can be recorded by means of electrodes
placed on the scalp. Such recording is called the electroencephalogram (EEG)
and is supposed to reflect the combined effect of synchronized synaptic
potentials from a large number of neurons in the cortex cerebri. One of the
properties of the EEG is that it indicates the overall level of arousal. Table 3-1
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indicates the division of the EEG in frequency bands and corresponding
behavioral states  [Ray,   1990]. In general,  low  levels of consciousness  such  as

deep sleep are associated with large-amplitude low-frequency activity, whereas
more alert activity and strong excitement are associated with low-amplitude
high-frequency waves.

Table 3-1: Major EEG frequencies  and amplitudes  in normal healthy adults

Name Behavioral state Frequency (Hz) Amplitude (BV)

Delta Deep sleep 0.5-4 up to 100-200

Theta Light sleep 4-8 < 30

Alpha Relaxed wakefulnes 8-12 30 - 50

Beta Alert and exited > 13 < 20

The usefulness of the EEG to monitor anesthetic depth has been investigated
in numerous studies, using various forms  of EEG processing. These include
period-amplitude analysis, spectral analysis, bispectral analysis, autoregressive
filtering and Hjorth's analysis [Simons  et  al., 1989]. Spectral analysis  is  the
most accessible method for EEG monitoring during anesthesia. Spectral
analysis transforms the EEG signal to the frequency domain. Frequency
characteristics and distributions can be derived from the obtained spectrum,
which  possibly  show  a  relationship  with  anesthetic  actions. The spectral edge
frequency (SEF) is defined as the highest frequency at which a significant
amount of energy is present in the  EEG. The median power »quency  (MPF)
is  defined  as the frequency above or below which  50%  of the total power  is
present.  The peak power »quency  (PPF)  is the frequency at which the largest
amount of power is present   in   the EEG spectrum   [De   Beer, 1996]. These
characteristic frequencies have been found to vary with increasing anesthetic
dose   [Dwyer  et  al., 1994; Schwilden,   1989]. In addition, Schwilden   [1989]
reported that a median frequency of below 5 Hz was consistent with the
abolition of awareness, as indicated by reactions to verbal commands,
impaired orientation in time and space and the eyelash reflex. In contrast,
Dwyer et al. [1994] failed to find evidence for such a relationship, since the
derived frequency parameters could not discriminate responders from non-
responders and did not predict recall of information presented during
anesthesia. Anesthetic-induced changes in the distribution of the EEG
spectrum across the various frequency ranges appeared to be highly dependent
on the administered drugs [Clark and Rosner,   1973]. In general, no overall
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agreement exists over the usefulness of EEG frequency measures to evaluate
anesthetic depth. Nevertheless, an important reason to monitor the EEG during
anesthesia is to prevent brain dysfunction due to diminished cerebral blood and
oxygen supply [Simons  et al.,  1989].
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Figure 3-1: Schematic representation of an auditory evoked potential. BAEP: brain
stem auditory evoked potential, MLAEP: midlatency auditory evoked potential,
LLAEP: long-latency auditory evoked potential. (From De Beer 1996, with
permission).
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3.2.5 Auditory evoked potentials
In contrast to the EEG, which indicates the general activity of the brain, the
evoked potential reflects that specific activity which can be measured in
response to a sensory stimulus. Compared to the spontaneous brain activity,
such a response is very small and special techniques are required to extract it
from  background EEG activity. The recording and analysis of evoked  and
event-related potentials is further described in Chapter 4. Auditory evoked

potentials (AEPs), elicited by auditory stimuli such as clicks or tonebursts,
have been extensively studied during anesthesia [Cluitmans, 1990; Schwender
et   al., 19942; Thornton, 1991; Thornton and Newton,    1989].   The   AEP
consists of a series of waves with characteristic latencies and polarities (see
Figure 3-1). Brainstem components (waveforms I to VII) occur within 10 msec
after sound onset, and reflect activation of the acoustic nerve and brainstem

auditory structures. Midlatency components (NO, PO, Na, Pa, and Nb) occur
between 10 and 60 msec after stimulus presentation, and are generated in
thalamic and cortical auditory structures. Long latency components  (Pl,  Nl,
P2, N2, and P3) occur beyond 60 msec post stimulus and reflect activation of
the association areas  of the cerebral cortex [Picton  et al., 1974]:   Each  of
these components reflect a distinctive stage in the chain of auditory transport

and processing.

Several studies have shown that the midlatency components in particular are
potentially suitable for monitoring changes in the depth of anaesthesia. Latency
and amplitude of these components were found to show dose-related changes

with both inhaled and intravenous agents [Thornton et al., 1984; Thornton and
Newton,   1989]. With increased anesthetic doses, the latencies increased  and
the amplitudes decreased. Additionally, the decline in Nb and Pb amplitude
induced by anesthesia was found to be reversed by surgical stimulation
[Thornton    et    at.,     1988]. The relationship between the midlatency    AEP
components and consciousness is still controversial [Jessop and Jones,   1992],
although results from the following studies support the existence of such a
relationship. Thornton et al. [1989] have found that relatively short Nb
latencies  ( <  44.5 msec) might indicate responsiveness, as demonstrated  with
the isolated forearm technique   (see 3.3.1). Schwender  et al. [1994a]   have
shown a relationship between intraoperative midlatency AEP components and
performance   on a postoperative implicit memory   test (free association).   That
is, those patients who demonstrated implicit memory for intraoperatively

presented material showed shorter Pa latencies during the operation than
patients who did not show implicit memory. Villemure et al. [1993] reported

, Some researchers consider Pl to be a midlatency component and refer to it as Pb.
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an inverse correlation between the amplitude reduction of Pa and implicit
memory performance (category association), 24 hours after the operation.

Long latency AEP components reflect some degree of perceptual processing.
Their occurrence can therefore be considered more direct evidence for
preserved information processing abilities. However, the relatively     long
acquisition time necessary to obtain these components makes them less suitable
for monitoring purposes. Instead, they can be used as a reference measure as
discussed in paragraph 3.3.2.

3.2.6 Auditory steady state response
The auditory steady state response (ASSR) is a derived measure from the
AEP. It appears as a sinusoidal signal when the rate of stimulus delivery is
sufficiently fast to produce overlapping of the responses to each stimulus
[Plourde and Boylan,   1991]. A presentation  rate  of 40  Hz is normally  used  in
which   case   the   ASSR   is also referred   to   as   the   40 Hz component   [e.g.,
Schwender   et al., 1994b].   The   ASSR   has been found   to be significantly
attenuated or abolished during nitrous oxide-isoflurane anaesthesia [Plourde
and    Picton,     1990] and fentanyl anesthesia [Plourde and Boylan,     1991].
Presumably,    this    has been caused by prolongation    of the midlatency
components, resulting in less synchronisation with the presentation rate and
consequently  in a decrease  of the 40-Hz response. Munglani  et al. [1993]  have
tested this hypothesis in normal volunteers breathing sub-anesthetic doses of
isoflurane. They showed  that the optimal stimulating frequency to obtain  a
steady state response (the "coherent frequency") dropped with higher
anesthetic concentrations in parallel with a decline in cognitive performance.
They concluded that the 40-Hz ASSR is too sensitive to measure information
processing during anesthesia. A disadvantage of the coherent frequency
method is that it is difficult to apply in practical situations. Furthermore, the
additional value of the ASSR relative to the AEP is not clear.

3.3 Intraoperative detection of awareness

The fundamental problem in developing a reliable monitor of anesthetic depth
is the lack of an objective reference measure. The dosage or expired
concentrations of the administered anesthetics cannot be used for validation,
because each individual patient responds differently to a certain amount of
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drugs. Physiological reactions to painful stimuli  may  be more suitable   [e.g.,
De  Beer  et  al., in press-b].  With  this  type of evaluation, however, the degree

of analgesia is assessed but the level of consciousness remains unidentified.
Next, two approaches are discussed that have been used to measure the
patients' ability to process auditory information, which is assumed to be
associated with different levels of awareness. Another approach is discussed in
the preceding chapter: The absence or presence of implicit memory.

3.3.1 Isolated forearm technique
The isolated forearm technique (IFT) was originally introduced by Tunstall
[1977] to detect awareness during general anesthesia for caesarean section.
After induction of anesthesia, but before injection of muscle relaxants, the
circulation of one arm is isolated by inflating a cuff placed around the arm.
That arm is thus isolated from the effects of the relaxant and could be used to
respond to a command, frequently to squeeze the anesthetist's hand. The
ability to respond is taken as evidence for awareness. The attractiveness of this
method is its relative simplicity, but a number of possible drawbacks must be
considered: (1) the patient's arm is free to interfere with surgery,    (2)    it    is
difficult to distinguish purposeful movements from spontaneous and refiex
movements, (3) there is a risk of ischemic paralysis after about 20 minutes. In
addition, it is not known whether a disability to respond can be taken as
evidence for unconsciousness and therefore adequate anesthesia. Furthermore,
results from the IFT tend to correlate poorly with clinical signs of anesthesia

[Breckenridge and Aitkenhead,  1981; I.F. Russell,   1989].  This  has  been used
both as a criticism of the IFT [Breckenridge and Aitkenhead, 1983] and as
evidence of the unreliability of the traditional clinical signs [Ghoneim and
Block,   1992]. The relationship  with Nb latency  has been demonstrated  in  only
seven patients [Thornton et al.,  1989].

3.3.2 Long-latency AEPs
As previously mentioned, the AEP components that occur following the
midlatency components reflect some level of perceptual processing. These

long-latency AEP components are not only sensitive to the physical
characteristics of the stimuli presented, but also to task requirements, the
relevance  of the stimuli  and the subjects' psychological state [Donchin  et  al.,
1978]. These components are frequently referred  to as event-related potentials
(ERPs), of which  they   are   in   fact a subcategory.   The most well-known  ERP
component is the P300 or P3, which can be easily elicited using an "oddball"
paradigm. The oddball paradigm consists of a series of frequent, standard
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stimuli in which infrequent, physically deviant stimuli are randomly inserted.
When subjects pay attention to the series of stimuli the infrequent stimuli elicit
a centro-parietal P3 within a latency range of 300-600 msec. The P3 is
believed to reflect controlled stimulus processing and target detection
[Pritchard,   1981]. The preceding  Nl  and P2 waves, elicited  by both frequent
and infrequent stimuli, have been associated with early discrimination
processes.   A more detailed description  of  ERPs and their alterations   with
anesthesia are given in Chapter 4.

In general, long-latency AEP components were found to increase in latency
and decrease in amplitude during sub-anesthetic concentrations of nitrous
oxide [Fenwick et al., 1979, Fowler et al., 1988, Jessop et al., 1991]. Nl and
P3 have been reported to disappear during surgery with fentanyl-isoflurane
anesthesia [Plourde and Picton,    1991]. In contrast, Plourde   et   al.   [1993]
claimed to have observed a small P3a in patients undergoing cardiac surgery
with sufentanil anesthesia. According to these authors, the presence of this
fronto-central P3 subcomponent during anesthesia may have signalled the
regaining of consciousness. In conclusion,  it has been suggested that recording
of ERPs during anesthesia may help in interpreting observed changes in
various parameters.

3.4 Conclusion

From the above review, it appears that it is difficult to select one measure or
one technique that is most suitable for monitoring anesthetic depth. The most
crucial problem is to validate a potential method without ending up with
circular reasoning. Most suggested measures correlate to some degree with
anesthetic doses, but it remains unresolved how to interpret the results with
reference to anesthetic depth or consciousness. Attempts to evaluate the level
of consciousness are especially limited by the patients' inability to respond
behaviorally during the operation. Nevertheless, AEPs indicate how the brain
responds to presented stimuli, providing information about the input and
central processing capacity of the patients. In other words, compared to the
other measures, AEPs reflect most closely those processes that are
constitutional for awareness or consciousness. Therefore, the recording of
AEPs may play a key-role in future research: The midlatency components as a
possible measure to monitor the adequacy of anesthesia and the long latency
components as a possible reference measure.

34



4

EVENT-RELATED POTENTIALS

This chapter introduces some basic concepts and findings in ERP research.

ERPs comprise both potentials that are evoked by external stimuli (EPs) as
well as potentials elicited by intrinsic events. In general,   ERPs   can   be
considered as cortical manifestations of perceptive, cognitive and motor
processes.  The AEPs  that were mentioned  in the preceding chapter  are  a  sub-
category   of ERPs. Although   the AEP midlatency components are never
referred to as ERPs, the long-latency AEP components frequently are. In the
first paragraph  (4.1), the physiological basis  and some essential characteristics
of ERPs are briefly discussed. This paragraph is followed by a short
introduction to EEG recording, ERP extraction and identification of
components (4.2). Changes in ERPs as a result of different states of attention
or  consciousness are summarized  in  the next paragraph   (4.3).   In the final
paragraph, the relationship between ERPs and different aspects of memory are
discussed (4.4).

4.1 ERP generation and characteristics

The ERP waveforms that can be recorded at the scalp are distant
manifestations of the activity of large populations of neurons within the cortex.
Because the activity of one single neuron is very small, it is only possible to
record the integrated activity of a large number of neurons which are
synchronously active [Coles   et   al., 1990]. Scalp   ERPs are considered   a
reflection of changes in graded postsynaptic potentials which can be either
excitatory or inhibitory. These postsynaptic potentials are generated   by
depolarization and hyperpolarization of cortical cells. Besides being
simultaneously active, the neurons also need to have partially corresponding
spatial orientations in order to have their activity accumulated at the scalp.
This is the case when neurons, for example, are organized in layers, as in
most  of the cortex and parts  of the thalamus and cerebellum [Coles   et  al.,
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1990]. As a consequence, only a subset of the entire brain electrical activity
can be recorded from scalp electrodes.

Most physiological variables have an indirect relationship to psychological
processes through mediation of energetical mechanisms, such as arousal,
activation or effort. For example, information processing during a specific
task may be so demanding that more effort has to be invested, which in turn
increases the heart rate. In contrast. ERPs have the unique quality that they
are related to cognitive processes, to energetical mechanisms, and to cerebral
generators [Gaillard,   1988]. With respect to behavioral measures,   ERPs  may
provide significant, supplementary information. Because they have a time-
resolution  in the order of milliseconds, precise estimates  can  be  made  on  the
timing of processing events. In addition, because of the close time relationship
between ERP components and certain psychological processes, ERPs may
provide insight  into  the way in which information is processed (e.g., parallel
or sequential) or about the subjects' strategy (e.g., speed, accuracy, allocation
of attention). In addition, ERPs may provide indications of the processing of
stimuli which require either no motor response  or no response  at  all   (e.g.,
unattended stimuli,  dual task performance) [Gaillard,  1988].

4.2 EEG recording and ERP extraction

4.2.1 Electrode positions and reference
The EEG, including both spontaneous and event related activity, is recorded
from electrodes placed   on the scalp. Usually these electrodes are placed
according  to the international 10-20 system [Jasper,   1958], in which the inter-
electrode distances are either 10 or 20 percent of the scalp-distance between
the  nasion and inion,  or the distance between both pre-auricular points.  In this
system, the electrode locations are specified in terms Of their proximity to
particular regions of the brain (frontal, central, temporal, parietal, and
occipital) and of their location in the lateral plane (odd number for left, the
subscript z for midline, and even numbers for right). Thus, Pz defines a
midline electrode location over the parietal lobe, while T4 defines a right
temporal site. In order to achieve proper identification of observed deflections
and to enable inferences of possible generators, multiple electrode positions
are usually included   in the recording procedure. Because eye movements   or
blinks interfere with EEG recording, the electro-oculogram (EOG) has to be
recorded additionally [Donchin   et   al.,    1977].   This   can   be  done by placing
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pairs of electrodes above and below   each   eye   and   at the outer canthi.   EEG
epochs that are contaminated with eye movements can either be rejected or
corrected before ERP averaging [Brunia  et  al.,   1989,  Van  den  Berg  et  al.,
1989].

The EEG is actually a measure of potential differences between at least two
scalp electrodes. Cooper et al. [1980] have distinguished three types of
reference patterns   that   can   be   used to record these potential differences:
common reference, average reference, and bipolar reference. With common

reference, one electrode  is  used  as a reference  for all other electrodes.  This
electrode is normally placed at an electrically inactive position, such as the
nose or the mastoid. Two electrically linked electrodes, typiCally placed at the

homologous position on each hemisphere, can also be used as a common
reference. This reference method yields information about the absolute activity
at the active position. With the average reference method, the activity at each
electrode site is compared to the averaged activity measured at all electrode
sites used. The output of this reference method provides information about the
electrical activity unique to each active site relative to the level of overall

activity. With bipolar reference. two electrodes   are   placed   over   an  active   site.
This placement pattern is particularly sensitive to localized changes in
electrical activity [Marshall-Goodel  et  al.,   1990]. In technical reports, bipolar
recordings are defined differently by incorporating an active electrode, a
reference electrode and a ground electrode. By connecting the ground
electrode to the signal ground of the amplifier, the noise interference is further
reduced  [De  Beer,   1996].

4.2.2 Amplifying and filtering
Human EEG signals range in amplitude  from  less  than   1   BV   to  200  BV.   The
EEG needs therefore to be amplified, while, simultaneously, interference from
external sources has to be minimized. Typical amplification is a million or
more    times with little distortion [Stern    et    al.,     1980]. Most recording

equipment includes both highpass and lowpass filters to selectively attenuate

frequencies above or below those of interest. Lowpass filters require settings
less than half of the sample frequency to avoid aliasing (the Nyquist criterion).
When the EEG is recorded for ERP processing these filters usually suppress
frequencies above 30 Hz. Highpass filters are usually expressed in time
constant in seconds instead of half power frequency (fj in Hz (time constant=
1/271·fc). For ERP processing, highpass filter settings normally vary between 1
to 30 sec. Digital filtering techniques can be additionally used to adapt the
filter settings for specific research purposes.   This  is done off-line after  the
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signal has been digitized. Digital filters can be implemented with zero phase
shift, refraining distortion of ERP waveform  [Cook  III and Miller,   1992].

4.2.3 ERP extraction
ERPs are usually very small and special techniques are required to extract
them from background EEG activity. A frequently used technique is averaging
of EEG-epochs (trials) over a number of repetitions, favoring that activity
which is time-locked to a particular event. Because the background EEG is
supposed to be random and not synchronized to those events, it will tend to
cancel out after signal averaging. The number of trials that are minimally
required to obtain a reliable ERP depends on the relative size of the response
in    question and practical considerations. Figure 4-1 presents an illustrative
example of the increase in signal-to-noise ratio as a result of averaging an
increasing number of trials. Here the signal refers to the ERP while the noise
refers to the background EEG and the measurement error. Averaging
increases the signal-to-noise ratio by the square root of the total number of
trials used  in the averaging process.

4.2.4 Identification of components
ERPs consist of a series of waves and peaks, the observable features of which
can be used to describe the ERP waveform. For example, the first negative
peak which reaches its maximal amplitude at 100 msec can be described as Nl
(see Figure 3-1), or when latency is used for subscript as N100. However, by
exclusively using such observational measures it is difficult to extrapolate
findings over different experiments, in particular because we are not interested
in the wave or peak per se but in the possible underlying processes that are
reflected in the different waves and peaks. For instance, one may question
whether is it tenable to assume that all negative peaks occurring say between
80  and  120 msec after stimulus presentation reflect  one  and  the same process
generated within a specific  area  of the brain?  If so, it would be appropriate  to
refer  to  them  as one specific component  (e.g., Nl) which is considered  to  be
more than an observable peak. Consequently, the variance in latency would
then be assumed to be due to differences in the eliciting stimulus or in the task
situation but not in the underlying process itself. This question is an
illustration of the problem concerning component definition and identification,
which  has been discussed in several papers [Donchin  et  al., 1978; Gaillard
1988; Sutton and Ruchkin, 1984]. Whereas waves and peaks are observable
measures that constitute the ERP waveform, a component is assumed to be
functionally related  to an experimental variable [Donchin  et  al.,   1978]  or  to
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originate from one underlying cerebral generator [Naiitiinen & Picton, 1987]
or   a fixed cluster of generators [Gaillard, 1988]. Several components   may
therefore contribute to one observable wave. Donchin et al. [1978] have
recommended to use observational nomenclature to describe the actual data
obtained in one particular experiment, preferably based on polarity and latency
(N100, P350 etc.). The theoretical nomenclature should be used to refer to a
theoretical entity which is believed to characterize the ERP component and to
represent some essential physiological, psychological or hypothetical construct.
It therefore may occur that, for example, the theoretical "P3" or "P300"
observationally appears as P280 or P350.
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Figure 4-1: Example of the averaging process over an increasing number of trials.
Pl,  Nl,  and  P2  are  labels  used  to  indicate  various  peaks.
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Identification of theoretical components is commonly based upon a mixture of
dependent variables and psychological processes that are assumed to generate
the component. Sutton and Ruchkin [1984] have listed seven possible criteria
to distinguish ERP components to illustrate the complexity of the issue: (1)
latency, (2) polarity, (3) sequence, (4) scalp distribution, (5) relation to
physical parameters of the stimuli, (6) relation to behavior, and (7) relation to
population and state of the organism variables. Donchin et al. [1978]
formulated four criteria: polarity, latency, scalp distribution,  and the relation
with task variables. They emphasized that "a component can be assumed to
exist only if it has been shown to vary systematically as a function of some
independent variable"  [p.  353].

States of diminished arousal levels, such as sleep or anesthesia, may
specifically hinder the identification of components. For example, N20 is
found to considerably increase P3 latency [Fowler   et   al., 1988], thereby
limiting the use of latency as an essential criterion for component definition.
Even the use of the straightforward criterion of polarity seems disputable,
since Nl has been found to drop below pre-stimulus baseline levels, attaining
a positive amplitude during some sleep stages, although it still may remain
negative going [Campbell  et  al.,   1992]. We believe  that  the most conscientious
way to relate peaks and waves observed during sleep or anesthesia to
components described for the awake state is to rely on sequence, scalp
distribution, relation with task variables and relation to changes in arousal
level. Sequence is included to account for latency shifts. For instance, it seems
reasonable to assume   that P2 follows    N l,    even   when P2 appears   to   have
latencies around 280 msec instead of around 200 msec, especially when the
preceding  Nl   has  also  shifted  towards  longer latencies. Scalp distribution is
generally considered to be a critical factor in the definition of a component,
which is based on the assumption that a specific component always has the
same neuronal source. However, Gaillard [1988] has remarked that a
particular component may be generated by a stable cluster of
neurophysiological mechanisms. The relative contribution  of  each of these

mechanisms may vary across conditions, resulting in small shifts in scalp
distribution. Waves with slightly different scalp distributions may therefore
represent the same component. Relation to task variables as a criterion to
define specific components is based on the assumption that ERP components
reflect activity of functionally distinct neuronal aggregates [Donchin    et    al.,
1978]. For example, sensitivity to stimulus probability is generally considered
to   be   one   of the defining characteristics   of   the   P3.    Thus a centro-parietal
positivity occurring beyond 280 ms that is elicited by target stimuli and which
increases in amplitude with decreasing stimulus probabilities is likely to be a
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P3.   Relation  to  changes  in arousal corresponds with the seventh criterion of
Sutton and Ruchkin   [1984].    It   has been frequently demonstrated   that   some
ERP   components are particularly vulnerable to changes in arousal levels.    For
example, N 1 amplitude has been found to increase with selective attention and
to decrease during the process of falling asleep  (see  4.3). This knowledge  may

improve component identification during anesthesia or drug-induced states of
altered arousal levels.

4.3   ERPs and different states of attention and consciousness

ERP amplitudes and latencies are affected by different factors. In general,

ERP    components with latencies shorter    than    100    msec are primarily
determined by the physical characteristics of the eliciting stimulus, such as
intensity and duration of a tone. They are also referred to as exogenous

components. In contrast, ERP components with latencies beyond 100 msec are
relatively independent of the physical stimulus features, being primarily
sensitive to task requirements, instructions, stimulus relevance and the
subjects' psychological state. These components are frequently referred to as
endogenous components [Donchin  et  al. 1978]. Since components  may  have
both exogenous and endogenous characteristics, the distinction between these

groups of components is not strict. Below, a number of studies are reviewed
that have examined the influence of different states of attention or
consciousness on auditory   ERPs.    The most apparent ERP deflection   in
response to auditory stimuli is the Nl (see Figure 4-1), which is therefore
discussed most thoroughly [for an extensive review, see NEittinen and Picton,
1987].   N l is basically an exogenous component  but has endogenous aspects  as
well. The multiple processes underlying   N 1   have been associated with early
discrimination processes producing transient detection rather than sheer

perception. It has also been suggested that some of these processes may act as
a non-specific attention trigger.

4.3.1 Selective attention
Many experiments [reviewed by Natit:inen, 1975] have demonstrated that the
auditory Nl wave is enhanced when a subject is selectively attending to a
series of stimuli. A frequently used paradigm in these studies  is the dichotic
listening task, in which subjects are instructed to listen to a series of tones in
one ear and to ignore a concurrent series of tones delivered to the other ear.
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There is much controversy about the nature and interpretation of the
enlargement of the Nl deflection due to selective attention. Originally,
Hillyard et al. [1973] suggested that the attention effect was the result of an
enhancement   of   N 1 generator activity. In contrast, Naatanen and Mitchie
[1979] proposed that the effect might be caused by a superimposition of an
endogenous component generated by a mechanism different from that of the
obligatory  or  "true" Nl. Evidence  for this hypothesis  has been derived  from
studies showing that the attention-related negative shift varies in onset latency
between 50 and 200 msec, can persist for many hundreds of msec beyond Nl,
and  has a different topography  than  the  N 1   [Ntlaulnen and Mitchie,   1979].   It
has been suggested that this "processing negativity" may reflect both the
orienting to the relevant stimulus and its further processing. Hillyard [1981]
partly agreed with this reinterpretation but questioned the pure endogenous
characteristic   of this attention-related negativity. Hillyard and colleagues
visualized this negativity by subtracting the ERP traces to unattended stimuli
from those to attended stimuli. The obtained difference wave has been labelled
Nd and appears to consist  of at least two successive sub-components.   The
midline distribution of the early part corresponds with the distribution from
the   exogenous   Nl   and is hypothesized to represent a modulation   of   the
generator  of  the   N l. The later portion   of Nd, however, does appear to arise
from a different source  than  N 1   and  may be related  to the selective processing
of the attended channel, as has been proposed by Nfiauinen and Mitchie
[1979]. The existence  of two  (or more) attention waves is confirmed by Giard
et al. [1988], using isopotential topographic maps and scalp current density
maps to determine possible sources   of   the   N 1 attention effect. Based    on

Wis)similarities in latency and scalp distribution, it could be concluded that
one  wave  may  be  due to modulation  of some components  of the  N 1   deflection
(but    not very convincingly) while the other is independent    on    the     N l
deflection. It was concluded that "selective attention effects probably occur at
several stages of information processing and involve several functionally
different processes at several sensory levels"  [i)382]

Attention effects  On the subsequent P2 component are generally not reported.
Because the attention-related negativity may extend for several hundred msec,
it may overlap with the P2 peak, which consequently may drop in amplitude
(i.e.,   both   Nl    and   P2   are more negative) [see Campbell   et   al.,    1992].
However, in the summary provided by N Mnen and Mitchie [1979] some
reviewed studies have reported no effect of attention on P2 amplitude.
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4.3.2 Ignore conditions
The main focus of ERP research using ignore conditions is the detection of
stimulus deviance. The paradigm normally used is the oddball paradigm, in
which infrequent, physically deviant stimuli are randomly interspersed in a
series of frequent standard stimuli. When subjects participate in an active
discrimination task (they have to give a motor response to the deviants or they
have to count them), the deviant "targets" elicit a large centro-parietal
positivity around 300-600 msec post-stimulus, known as the P3 or P300
component. Several authors have emphasized the need for active attention
towards the targets as a prerequisite for the occurrence of a P3 [see Squires et
al.,  1975  for a summary  of the literature]. However, during ignore conditions,
in which the subjects' attention is distracted from the tone series by
instructions to read a book, to perform a concurrent task, or simply to "day-
dream", a P3-like component can sometimes still be observed [Polich, 1987;
Squires   et  al., 1975]. Squires  et  al. [1975] reported   that the positive   wave
elicited by unattended deviants ("P3a") had a more fronto-central scalp
distribution and a shorter latency (around 220-280 msec) than the P3 elicited
by attended deviants ("P3b"). Principal-component analysis revealed that the
P3a process also occurred in an active attention condition, but is less manifest
because of component overlap. Squires et al. [1975] suggested that the P3a
wave may indicate  " . . a basic sensory mechanism which registers any change
in  a background stimulus, perhaps by mismatching a specific neural model.. "
[p.   399].   The   P3a is generally smaller   than   the   P3b   and less consistently
observed across subjects. Pritchard [1981] emphasized that low-probability,
unattended stimuli invoke a P3 only if they are obtrusive enough to produce
orienting or to capture the subjects' attention.

A negative component that is more invariably reported to occur in response to
unattended deviants    is the MisMatch Negativity    (MMN).    The    MMN    is    a
fronto-central ERP component which is elicited by any discriminable change
in a repetitive stimulus, even in the absence of attention. The onset of the
MMN decreases with increasing stimulus deviance and may overlap with the
Nl   given  very large deviations   [Ford  et  al.,   1976;   Sams  et  al.,   1985].   The
duration  of the  MMN is generally about  200  msec.  The  MMN was found  to
vanish with inter-stimulus intervals    (ISI)    of   more    than   4 sec, which
corresponds to estimates of the duration of the auditory sensory store
[Mantysalo   and   Niiatanen,    1985].    It   has been suggested   that each auditory
stimulus leaves a precise, rapidly decaying neuronal trace in the primary
auditory cortex, which is supposed to form the neurophysiological basis of
sensory memory.   Such a trace is reinforced and maintained  by a standard
stimulus repeated at short intervals.    When a deviant stimulus    in   the   same
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modality is presented during the persistence of the trace, a neuronal mismatch
response occurs. This mismatch process, reflected in the MMN, is an
automatic sensory process, unaffected by attention, expectancy, significance,
or   other   cognitive   factors,   i.e.,   the   MMN   is   elicited   only   by a physical
stimulus change. This process has been characterized by Mantysalo and
Niiatinen [1987] as "providing an intra-cerebral mismatch signal with a
privileged entry  to the "single channel" or consciousness,  i.e., the occurrence
of the mismatch process tends to cause an involuntary shift to the eliciting
environmental change"  [p.   193].

4.3.3 Sleep

During the process of falling asleep,    N 1    has been found to decrease   in
amplitude [Ogilvie  et  al., 1991; Winter  et  al., 1995]. After sleep onset,   the
N 1   is usually further attenuated   to  near or below pre-stimulus baseline levels
[Campbell  et  al., 1992; Nielsen-Bohlman  et  al.,   1991]  or to disappear entirely
[Paavilainen  et  al., 1987, Winter  et  al.,   1995]. In contrast,  P2  has been found
to  increase in amplitude at sleep onset [Ogilvie  et  al., 1991], which proceeded

during stage II sleep [Nielsen-Bohlman  et  al., 1991; Winter  et  al.,  1995]  and
slow-wave sleep [Campbell  et   al.,    1992].   With the exception of Campbell   et
al.   [1992], the authors  of the above-mentioned studies have hardly attempted
to explain their observations or to postulate possible underlying mechanisms.
Campbell et al. [1992] suggested that a large negative wave may be removed
at sleep onset. They have visualized this by subtracting "sleep" waveforms
from "awake" waveforms. The remaining difference wave had a negative
amplitude and was labelled "waking Processing Negativity" (wPN) in analogy
with   the " Processing Negativity", observed in selective attention studies.    The
wPN wave was found to begin about 25 msec after stimulus onset and to
overlap peaks  Pl,  Nl  and P2. Campbell and colleagues considered it possible
that the mechanisms involved in information inhibition during sleep are
identical to those involved in the control of selective attention. In that case,
ERP changes during sleep might be explained by the total lack of attention
given to the evoking stimuli. A theoretical consequence of this hypothesis is
that   the  N 1   component may contain a larger endogenous  part than previously
thought.

The  P3  has been found to gradually disappear with sleep onset [Harsh  et  al.,
1994;   Ogilvie  et  al., 1991], which   is in agreement  with its interpretation  in
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terms of controlled stimulus processing: In contrast,  the  MMN is believed  to

be independent of the subjects' level of attention, and should therefore be
present during sleep. However, most researchers failed to observe a MMN
during sleep [Nielsen-Bohlman  et  al., 1991; Paavilainen  et  al., 1987; Winter
et  al.,   1995].   In the study of Paavilainen  et  al.   [1987] a small magnitude  of
stimulus deviance was used (50 Hz difference in tone pitch), which may have
caused the MMN disappearance. Alternatively, Nielsen-Bohlman et al. [1991]
suggested that the apparent abolition of the MMN during sleep might be
caused by an increased noise level, masking the small component. Campbell et
al. [1992] also noted that it was very difficult to record a MMN during sleep.

Nevertheless, they observed a MMN in the second half of the night during
stage II sleep and REM sleep, which was, however, quite small and its onset

was unusually early. Naatanen and Lyytinen [1995] hypothesized that the
attenuation or disappearance of the MMN in sleep is caused by a reduced level
of cortical activation. Consequently, the stimuli might have been weaker and
less accurately represented in sensory memory or the MMN process itself
might have received insufficient activational support.

One of the most prominent effects of sleep is the appearance of a large
negative wave with a peak latency of about 350 ms (N350). Frequently, this
wave can even be observed in the raw EEG as the "vertex sharp wave" or
"sleep  N2". The functional significance and nature  of  this  N2  wave is still
open to debate. It is suggested to be part of the K-complex [Ujszdszi and
Haldsz,   1988]  or  to  be a trigger  of the K-complex [Campbell  et  al.,   1992].

However, the N350 can occur without a K-complex being visible in the
ongoing EEG. Nielsen-Bohlman et at. [1991] revealed that during stage II
sleep N350 was larger following deviant stimuli than standard stimuli. They
suggested therefore that N350 may index a pre-attentive mechanism for
activation of passive attentive processes.

4.3.4 General anesthesia
Effects of general anesthesia on ERP components have been mainly studied in
volunteers using sub-anesthetic concentrations. Studies of ERP changes during
surgery are less common and are faced with the difficulty of uncontrolled
situations,   due to imperative surgical and anesthetic interventions. In addition,
the conditions during actual surgery are characterized by multiple

' During sleep, positive components in the 400-800 ms latency range have been
regularly reported to appear in response to deviant stimuli, but their relationship with the
P3 in the awake state is far from clear.
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physiological changes (i.e., decrease in temperature, artificial blood   flow,
muscle relaxation) induced to enable surgical manipulations. As a
consequence, in these type of studies it is difficult to isolate the unique effects
of administered anesthetic agents.

Fenwick et al. [1979] have reported a significant negative correlation between
sub-anesthetic concentrations of nitrous oxide (N2O) and N100-P180 peak-to-
peak amplitudes. The P300 also showed a dose-related decrement, although
this was reported to be less apparent. Fowler et al. [1988] confirmed this
latter observation using visual stimuli, and explained the weaker correlation by
the   relatively high variability   in P300 amplitude. In contrast, P3 latency
showed a strong negative correlation with N20 concentration, revealing that
N20 narcosis involves the slowing of stimulus evaluation processes. Jessop et
al. [1991] reported dose-dependent changes in P300 amplitude and latency
over the range of end-tidal concentrations of N20 used in routine clinical
practice. However, they have applied a rather unusual presentation format,
using 1-msec clicks as standard stimuli and 100 msec tones as target stimuli
[see also Plourde,   1993].

Plourde and Picton   [1991] have studied changes   in   N l    and   P3 in patients
undergoing elective surgery with fentanyl-isoflurane anesthesia. These waves
were present for detected targets before induction, during induction and during
recovery but disappeared during surgery and emergence. In contrast,     N 1
appeared to persist during sufentanil anesthesia, which suggests that during
this type of anesthesia information processing may proceed further than during
fentanyl-isoflurane anesthesia [Plourde  et  al.,   1993]. In addition, a small  P3a
could be observed in the same experiment for the infrequent tones after
tracheal intubation and before cardiopulmonary bypass which, according to the
authors, may have signalled the regaining of consciousness and thus
inadequate anesthesia. However, the classification of this component may be
questioned, because of its small amplitude and because it is difficult to
disentangle  from the preceding  P2  in  most of their presented figures.

4.4  ERPs and memory

Besides information about ongoing auditory processing during different states
of attention or consciousness, ERPs may also provide usefui information about
different memory operations, including those that may be present during
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(encoding) and after (retrieval) anesthesia. ERPs may supplement behavioral
measures in an important way, because they have a high temporal resolution,
and because they can be used as "covert" measures of processing in the
absence     of an overt behavioral response     [Rugg,      1995]. This latter
characteristic allows one to investigate, for example, whether new and old
items evoke differential brain activity when no discriminative response is
required [e.g., Bentin and Peled,   1990;  Rugg,   1987]  or  when an incongruent
response is given [e.g., Allen  et  al.,   1992; Van Hooff et  al., 1996]. Below  a
review is presented of studies of memory and memory-related processes.
These studies have mainly focused on amplitude and latency variations of late
positive ERP components. Furthermore, almost all studies have been
conducted with visually presented material. For a more extensive review, the
reader is referred  to the papers of Kutas  [1988]  and  Rugg  [1995].

4.4.1 Encoding processes
Karis et al. [1984] have found a relationship between the P3 amplitude elicited
by words during initial learning and subsequent recall performance. That is,
words that were later recalled elicited larger P3s than words that were not
recalled. However, this relationship could not be observed in subjects who had
used elaborative rehearsal strategies (i.e., relating list items  to each other  or  to

personal experiences and/or word knowledge). In order to reduce the influence
of the subject's strategy, an incidental memory paradigm was employed in a
subsequent study of Fabiani et al. [1986]2. Their results confirmed the
relationship between P3 amplitude and recall performance, most clearly when
a latency adjustment procedure was used. It is argued that these data support
the context-updating theory of Donchin [1981], suggesting    that    the    P3
amplitude indexes the incorporation of new information into existing
representations of the environment. According to this hypothesis, a large P3
would increase the probability of recall. Paller and his colleagues have
conducted a series of experiments to investigate more closely the possible

aspects of encoding that are reflected in the mentioned ERP effect, which they
labelled Dm (operationally defined as any ERP Difference based on later
memory performance). A complete overview of their results       and

interpretations is beyond the scope   of this thesis,   but  some of their  main
observations are listed below: (1) Dm could be differentiated from P3 [Palter
et al.,  1987a],  (2) in addition to recall performance,  a Dm effect could also be

2 In an incidental learning paradigm subjects do not know until challenged that recall
will be required, and it is therefore presumed that they will not use elaborative strategies
to rehearse the items while they are presented.
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found  on the basis of recognition [Paller  et al., 19878,   1988] and priming
scores [Paller et al., 1987b].(3) differences in semantic processing during  the
encoding phase only partly explain variations  in Dm [Paller  et  al.,   1987al,  and
(4) effects of affirmative or negative decisions account for some of Dm [Paller
et al., 1987a, 1988].

In conclusion, these studies have shown that ERPs recorded during initial
learning may be predictive of subsequent retrieval performance, thereby
demonstrating that ERPs provide one means of studying how effectively
certain items are encoded into memory. Although task instructions during
encoding have been varied in the different experiments, possible consequences
of diminished arousal levels during initial learning have, to our knowledge,
not yet been investigated. In that respect, it would be tempting to examine
whether a similar (Dm) effect would be present for items presented during
anesthesia, and which are tested for recognition or priming after anesthesia.

4.4.2 Retrieval processes
Recognition studies have demonstrated that ERPs elicited by correctly
recognized old words were characterized by a large positivity, which was
largely absent  for new words [e.g., Friedman, 1990; Neville  et  al.,   1986;
Rugg   and   Nagy, 1989; Smith and Halgren,    1989]. This positivity started
around 200-300 ms following stimulus-onset and persisted over several
hundreds of milliseconds. Presumably, this positivity has a multi-component
nature, but there is not any general agreement about the specific components
that contribute to the old/new ERP effect nor about which specific processes
they reflect.

Two components are known to appear in the latency range of the recognition-
related positivity: the P300 and the N400. The P300 is usually observed in
tasks that require a discriminative response. Karis et al. [1984] have suggested
that the larger positivity for recognized words is the result of an enhanced
P300 or P3b, reflecting the target status of the elicited items and the
confidence of the associated decision. The N400 is most frequently studied as
a separate component elicited by semantically incongruent sentence-endings
[e.g.,   Kutas and Hillyard,    1983].    The   N400 is considered to reflect   the
association of words within the specific context in which  they are presented.
According   to   Rugg   and   Nagy [1989], the N400 is modulated by repetition
because of the need for less associative activity leading to an attenuation of the
wave and thus to a more positive-going ERP. Smith and Guster [1993]
distinguished a third component in addition, with a positive amplitude and
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peak latency around 600 msec. This component temporarily overlapped with
the P3b, but was hypothesized to be specifically related to memory retrieval.
So far, it is agreed that the old/new ERP effects result from the modulation of
multiple ERP components. However, the relative contribution of these

separate components has not yet been established satisfactorily and requires
further research.

In parallel with the above-mentioned "component" discussion runs the debate
about possible explanations of the ERP effect within the framework of the
two-process theories of recognition memory [e.g., Mandler, 1980; Jacoby,
1983]. These theories propose that recognition judgements  can be made  on the
basis of at least two sources of information: familiarity or relative ease of
perceptual processing ("perceptual fluency"), and consciously mediated
retrieval of prior episodes. Presumably, most recognition decisions are based
upon a mixture of both types of information. The relative timing and
importance of their individual contribution may depend on their availability
and on specific task requirements, for example, whether speed or accuracy is
emphasized. Smith and Halgren [1989] have investigated the ERP recognition
effect in normals, and patients who had received either a left or right anterior
temporal lobectomy. Relative to the other groups, the patients with left
temporal lobectomy showed no ERP recognition effect but retained some
recognition ability. The authors suggested that these patients, because of their
inability to use episodic (context-specific) recollection, may have used
perceptual fluency processes to make their old/new judgements. Consequently,
it was concluded that the ERP recognition effect is associated with conscious
retrieval processes and not with differences in familiarity, even when such
differences are sufficient to permit accurate recognition judgements.

Rugg and Nagy [1989] have applied a comparable interpretation for their ERP
data obtained from two consecutive tasks. First, subjects had to respond to a
series of words on the basis of whether or not the words had been presented
previously. The words were repeated after 6 or 19 intervening items. In the
following task, subjects were presented with a further series of words and
were required to respond to words presented in the previous task. ERPs were
more positive when elicited by recognized, old words than new words, but
this  effect was substantially smaller  in the second compared  to the first  task.
The authors explained this relative reduction in ERP recognition effect by a
possible loss of the contribution of episodic retrieval processes to the
recognition judgements. Instead, because of the long time delay, subjects had
to rely primarily upon judgements of relative fluency. Perhaps    more
remarkable  in this study,  was the observation  that  the ERP recognition effect
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was similar for words repeated after 6 or 19 intervening items, although the
performance (both accuracy and speed) was better in the condition with less
intervening items. A similar effect was observed by Friedman [1990] using 2,
8  or 32 intervening items. This dissociative effect  of "lag" suggests  that  the
ERP effects do not directly reflect the processes involved with recognition
judgements.

This latter suggestion is supported by results of Potter et al. [1992], who
investigated the effects of the anticholinergic drug scopolamine in a continuous
recognition task. Scopolamine is known to impair performance on explicit
memory tests, but appears to spare implicit memory and perhaps the
familiarity component of recognition memory. As expected, scopolamine
impaired recognition memory but the old/new ERP effects were unaffected by
the drug. Potter et al., [1992] therefore argued that impairment of recollection
is not necessarily associated with a reduction in the magnitude of old/new
effects on the ERP. They further suggested that the observed ERP effects may
reflect differences   in the relative familiarity  of  old  and new items. Results
from Segalowitz and colleagues [personal communication, oct 1995], are
consistent with this interpretation. In their study, the ERP recognition effect
appeared to increase gradually in amplitude with the number of repetitions.
This suggests that multiple presentations may increase the perceptual fluency
of the items and thereby the perceived salience. This in turn may have
augmented   the late positivity. Another experiment   from   the same laboratory
[Dywan et al., 1995], showed that previously seen words, whether from a pre-
test study list or repeated within the same test series, produced more positive
ERPs than new words. However, this effect was found to be overridden by
target status. That is, it was the target status of the item rather than its
familiarity that was most directly reflected by the size of the ERP recognition
effect.

As becomes clear from this review, no direct answers can be given for the
question of which processes are reflected in the old/new ERP effect. It
therefore remains undetermined whether ERPs might be effective for assessing

components of recognition memory that are not already appraised by
behavioral measures. This is related to the problem that most of the reviewed
studies have exclusively analyzed the correct responses, precluding the
possibility of isolating a genuine memory effect from the consequence of
assigning items to different response categories.
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4.4.3 Repetition effects
To disentangle the specific contributions of repetition, retrieval and targetness
to the ERP recognition effect, a series of experiments have been performed
using non-intentional learning tasks. These tasks involve repetition of words
while subjects do not have to make decisions about whether or not they have
encountered the items previously. Instead, subjects are instructed to make, for
example, lexical or semantic decisions. Repeated words have been found to
provoke a consistently more positive ERP compared to first presentations
[e.g.,  Bentin and Peled,  1990;  Rugg,  1987;  Rugg  et al., 1988]. However,  the
relationship between this ERP repetition effect and possible memory
mechanisms is still under discussion. Rugg [1995] has especially emphasized
that it cannot be assumed that ERP repetition effects reflect the same

behavioral phenomenon of repetition priming as described in studies of
implicit memory. First, because it has neither been convincingly demonstrated
that the ERP effect occurs without awareness, nor that it is insensitive to
experimental variables known to selectively influence explicit memory.
Second, the ERP repetition effects evoked by isolated words are rather short-
lived [less than 15 min, Rugg, 1990] in contrast to the repetition effects
reported in behavioral studies.

4.4.4 Concealed memories
In parallel with detection of memories for intraoperative events, evaluation of
concealed memories about previous experiences or encountered material is an
important topic in studies of lie-detection and amnesic syndromes. Several
studies have examined the feasibility of using ERPs to uncover hidden
information. For example, Farwell and Donchin [1989, 1991] have used
characteristics of the P3 component to test the subject's knowledge about a
mock espionage scenario. Subjects participated in one of two different
scenarios. During the test phase, subjects were confronted with two-word
phrases, of which some were arbitrarily designated as targets. Among the non-
targets were included "probes" which referred to critical items associated with
either one of the two scenarios. It was hypothesized that when a subject would
recognize the probe as being associated with the scenario they participated in,
it would stand   out as different and elicit   a   P3. The results showed   that   this
predicted pattern could be obtained from virtually all subjects.    It   was
suggested that items that are distinctive in some dimension that is important to
the subject (even though this dimension is not relevant for task performance)
may  trigger the processing subsystem manifested  by  the  P3. This suggestion  is
further supported by results from Rosenfeld et al. [1991] and Allen et at.
[1992] using slightly different paradigms. In addition, because the study of
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Allen  et  al. [1992] involved simple list learning stimuli without references  to
"crimes" or anti-social acts, it has been suggested that ERP-based procedures
may have assessment applications beyond lie-detection.

Renault et al. [1989] have demonstrated that an ERP-based procedure may
hold potential for examining covert facial recognition in prosopagnosic
patients. Prosopagnosic patients  do not experience conscious familiarity  with
the faces of persons they previously knew, even with help of other cues, such
as voice or context. A 50 year old patient was presented with slides of
unfamiliar and familiar faces. The familiar faces included those of relatives,
the patient's own face and those of well-knowns. The probability of the face
being a familiar one was either 33% (condition    1)    or 50% (condition    2).
Despite the patient's inability to consciously recognize the familiar faces,    he
appeared to be sensitive to the probability of occurrence of each face category,
since P3 amplitude varied with this probability. That is, a P3 could only be
observed in condition   1.   This was taken as evidence for covert recognition
because the processing of the probability of the two categories is possible if,

and only  if, a categorization has occurred.

In conclusion, the above-mentioned studies of concealed or impaired
recognition have shown that ERPs are sensitive for previously encountered or
familiar material, relatively independently from the subjects' response. They
thereby provide a potential means for examining possible covert recognition

processes for intraoperatively presented items.    This is further discussed   in

Chapter 5.
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5

GENERAL METHODOLOGY

This chapter presents the general methodology of the clinical studies that are
realized within the framework of the project on information processing during
general anesthesia. Details and results of these studies are discussed in the
experimental part of this thesis (Chapters 6 to 10). In the first paragraph of the
present chapter, the distinct parts of the experiments are described and explained
(5.1). Next, considerations about the patient sample and anesthetic protocol  are
discussed (5.2). Technical specifications are presented in the following paragraph
(5.3). Finally, the bootstrap procedure that is used for single-subject analysis is
explained (5.4).

5.1  Rationale and experimental set-up

As  outlined in chapter 1, memory and awareness during anesthesia  have  been
studied from two different perspectives. Psychologists were mainly interested in
investigating the possibility of unconscious learning. By varying tests, target
material and anesthesia protocols, they have tried to define the circumstances in
which learning abilities are preserved.   This  is the psychological approach
discussed in Chapter 2. In comparison, anesthesiologists and biomedical engineers
were mainly interested in improving intraoperative monitoring procedures with
respect to possible awareness. By correlating anesthetic doses and
(neuro)physiological parameters, they have attempted to find indicators of
anesthetic depth. This is the dinical approach discussed in Chapter 3. Although
both approaches are valuable in themselves, they are confronted with
interpretation problems when studied separately. For example, when information
about anesthesia levels are missing, positive and negative results from implicit
memory tests might be simply explained by light or deep anesthesia levels
respectively. Likewise, when consequences for perceptual and cognitive
functioning remain unknown, variations in (neuro)physiological parameters as a
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result of administration of anesthetic agents might be extrapolated to alterations
in multiple processes of which awareness is only  one.

Evidently, it would be useful to combine both approaches into one study, which
forms the basis for this thesis and the thesis presented at Eindhoven [De Beer,
1996]. Our joint intention   was to capture the whole chain of information
processing, including transmission, perception, evaluation, and storage of
auditory information. To study these processes midlatency and long-latency AEP
components were recorded during different periods of cardiac surgery. In
addition, after the operation a recognition task with ERP recording was
performed to investigate possible memories for intraoperative events.
Characteristics and possibilities of these electrophysiological recordings (EPs and
ERPs) have been discussed in Chapter 4.

The studies were performed at the Catharina Hospital Eindhoven and were
approved by the local Medical Ethical Committee. Patients were asked to take
part of the study the day before their operation. It was explicitly mentioned that
participation would neither disturb the surgical procedure nor involve extra risks,
but would require some extra time and effort. Furthermore, it was emphasized
that they could withdraw themselves from participation at any moment.

5.1.1 Measurement of preoperative anxiety
Particular individuals may be more vulnerable to intraoperative awareness than
others because they need more anesthetics to reach an adequate level of
anesthesia. For example, patients with high levels of preoperative anxiety have
been linked to an increased risk for awareness, possibly as a result of activation
of the ascending reticular activating system [Cogliolo  et  at.,   1990]. To assess
preoperative anxiety, the Dutch version of the state-trait anxiety inventory [STAI;
Spielberger et al.,  1970] has been administered to the patients [Zelf-Beoordelings
Vragenlijst  (ZBV);  Van der Ploeg et  al.,   1980]

The ZBV consists of two separate self-report questionnaires to assess state-
anxiety and trait-anxiety.   Only the state-anxiety questionnaire  was  used  in  the
present studies. State-anxiety is conceptualized as "a transient emotional condition
characterized by subjective, consciously experienced feelings of tension or
nervousness, as well as an increased activity of the autonomic nervous system"
[Van der Ploeg  et  al.,   1980,  p.7]. The state-anxiety questionnaire presents  20
statements  that  were  used by other people to describe themselves. After  each
statement a four-point scale was given ranging from  "not at all"  to  "very much".
Half of the statements were formulated such that the option "very much"
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indicates a high level of anxiety (e.g.,  "I am worried").  For the other half of the
statements, this option indicates a low level of anxiety  (e.g.,  "I  feel  safe").  The
minimum score is 20 the maximum score is 80. Scores above 65 are very unusual

[Spielberger et al., 1970; Millar et al.,   1995].

For the ZBV, normative data are available for university students, young men in
a selection situation (military service), psychiatric patients  [Van der Ploeg et al.,
1980]  and male and female adults  [Van der Ploeg, addendum  1981].  For this last
group, women had higher mean state-anxiety scores then men (38.8 against
36.4). Older people (above 40 years) had somewhat higher mean state-anxiety
scores than people  of  40 or younger.   This  held  for both women (39.8 against

38.0) and men (36.6 against 35.8). There are no normative data available for
patients waiting to undergo (cardiac) surgery.

5.1.2 Recording of conventional physiological data and surgical events
Auditory information transport, processing and storage may be affected by
changes in the patients' physiological state that are already monitored with the
available techniques. This is significant for the present study in three ways. First,
in trying to improve existing methods for monitoring, an accurate comparison
with such a method is required to assess the additional value of the suggested
method. Second, the reliability and accuracy of the experimental registrations rely
on the physiological stability of the patients during the recording. Third, it has
to be considered that alterations in the variables of interest may be due to
physiological changes  that  are not directly related to awareness'. Therefore,  a
system was developed that enabled retrospective examination of the physiological
data that are normally monitored during surgery. These data were copied from
the anesthesia monitor with intervals of 5.12 sec (first clinical study) or  10.24 sec

(second clinical study). The applied system also contained   a   part that could

register specific events during the operation that were entered by hand [for
details,  see  De  Beer,   1996].

The physiological data which were considered to be relevant were:
- blood pressure (mean, systolic and diastolic arterial blood pressure),
- heart rate (electrocardiogram),
- body temperature (blood temperature, nasopharyngeal temperature),
- oxygen supply to the brains (oxygen saturation),
- pulmonary artery pressure and central venous pressure.

1  For example, a decrease in body temperature has been associated with increased
latencies of brainstem and midlatency AEP components [Kileny  et  al.,   1983]
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Significant events were related to:
-  the progress of surgery (e.g., intubation, first incision, sternotomy),
- the administration of medication (e.g., start infusion, change in infusion rate),
- possible interference during the recordings (e.g., electrosurgery, cardioplegia),
-  lab results and free comments.

5.1.3 Assessment of plasma concentrations
To control for very large variations in anesthetic level, a highly standardized
anesthetic protocol was used. Propofol and alfentanil doses were adjusted on the
basis   of body weight according   to a pre-calculated model. The amount   of
administered anesthetics, however, provides limited information about the
ultimate anesthetic effects, because these effects depend on pharmacokinetic and
pharmacodynamic mechanisms which differ across patients and surgical
procedure (e.g., during cardiopulmonary bypass). These mechanisms are involved
with drug absorption, distribution, metabolism, excretion, and protein binding,
and affect both drug level and drug effect. It is therefore not possible to derive
the ultimate effect   from the administered doses, but assessment of plasma
concentrations would at least provide a better approximation about the anesthetic
level. The plasma concentrations can therefore be  used as an additional reference
for the obtained AEP and ERP measures.

Arterial blood samples (10 ml) were taken at various moments during surgery,
including some close   in   time   to our recordings. During the operation, these
samples were saved in a potassium oxalate tube placed on ice. After completion
of the operation, 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 °C until further processing. Propofol plasma
concentrations were determined using high performance liquid chromatography
with fluorometric detection at the Department of Pharmacy of the Catharina
Hospital, Eindhoven. Alfentanil plasma levels were determined by a validated
radioimmuno-assay at the Pharmacokinetics Laboratory of the Janssen Research
Foundation, Beerse.

5.1.4 Recording of midlatency AEPs
As concluded in Chapter 3, midlatency AEP components seem promising
measures for monitoring anesthetic depth. To recapitulate: (1) latency and
amplitude of the midlatency AEP components show dose-related changes with
general anesthetics, (2) these changes appear to be qualitatively similar for
different drugs, and (3) the depressant effects of anesthetics on the midlatency
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AEP components are reversed by surgical stimulation. In addition, by using
random presentation of auditory stimuli, acceptable midlatency AEP waveforms
can be obtained within 40 to 60 seconds [Cluitmans,  1991;  Van de Velde et al.,
1993]. This latter characteristic is important to allow for detection of rapid
fluctuations in the anesthetic state. A possible drawback of using AEPs as a
monitor is that the final waveform is not always easy to interpret and that
complex processing is required to provide usable information for the anesthetist
[Jessop and Jones, 1992]. However,  with the rapid progress  in the development
of technological aids, for example, to identify AEP peaks by using artificial
neural networks [Van Gils, 1995] or to detect and remove signal artifacts [De
Beer  et  al., in press-a], we should  be  able to overcome this problem  in  the  near
future. A more fundamental problem is the interpretation of the AEP effects in
terms of awareness and/or memory. Thus, to further explore the utility of
midlateocy AEP components, the relationship between such early cortical
response and processes of information processing and storage needs to be
specified.

An experimental set-up has been developed that made it possible to relate distinct
features of the midlatency AEP components to (a) anesthetic plasma
concentrations, (b) hemodynamic responses to surgical stimulation, (c) the
occurrence of intraoperatively recorded long-latency AEP components, reflecting
several aspects of perceptual processing and (d) results from a postoperative
memory test. With respect to (c) AEP midlatency components and AEP long-
latency components were not recorded simultaneously during surgery because
they require different presentation formats and recording procedures.   AEP
midlatency components are typically evoked by monaural presentation of auditory
clicks with a stimulus presentation rate of 6-10 per second [Thornton and
Newton,  1989]. In contrast, long-latency AEP components are generally elicited
by tone-bursts or words, binaurally presented with a rate of 0.5-1.5 per second.
Furthermore, both types of evoked responses also need different filter settings
and sample rates (see 5.3.2). Therefore, the midlatency responses were recorded
just before and after each recording of long-latency responses or just before and
after the presentation of a word-list. This word-list was tested after the operation
for (covert) recognition. This sequence of recordings was performed repeatedly
during different periods of the operation.

5.1.5   Recording of long-latency AEPs
Although not many studies have examined long-latency AEP components during
general anesthesia, these components have been frequently suggested as
promising measures to monitor on-line high level processing [Millar, 1989;
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Jessop and Jones, 1991; Khilstrom,  1993]. The recording of long-latency  AEP
components can provide direct evidence for information processing at the moment
that it occurs.   This  is an essential issue between our knowledge about  the
transport of information, provided by midlatency AEP components, and about
memory retrieval, provided by postoperative (implicit) memory tests. Moreover,
regarding the powerful amnesic effects of many anesthetic agents, postoperative
memory assessment procedures are considered to be of limited value in
determining intraoperative information processing [Thornton and Newton,  1989].

Most studies examining changes in long-latency AEP components due to
anesthesia have focused on the P3 component. The P3 is evoked when stimuli
capture the subjects attention, either because this attention was required for an
assigned task or because it is demanded by the intrusiveness of the stimulus itself.
The P3 is supposed to reflect controlled stimulus evaluation processes,
independently of response selection and presumably related to conscious
awareness [Pritchard, 1981; Picton,  1992]. Its seemingly simple interpretation and
its association with consciousness may be the most important reasons for its
popularity in anesthesia research. However, the psychological significance of the
P3  is still controversial [e.g., Verleger,  1988]  and the P3 disappears easily when
no  attention is given to presented stimuli,  even in awake subjects. In addition,  as
stated by Pritchard [1981], "the absence of P300 following high-probability
stimuli does not mean that the subject was unaware of the stimuli, it means that
a particular neurocognitive operation of perceptual limited capacity was not
invoked by those stimuli.."  and  " . . that neurocognitive operation does  not seem
to  be signal selection by conscious processing"   [p. 529]. Therefore it seems
reasonable to examine  also  AEP  or ERP components arising earlier  than the  P3.
To recapitulate from Chapter 4: Nl and P2 reflect elementary perceptual
processing, while MMN and P3a reflect automatic detection of stimulus deviance.
In addition, these components have been studied during different states of
attention and consciousness, which provides the potential to compare these results
with those obtained during anesthesia. In general, these components are expected
to  increase in latency and decrease in amplitude.

A possible disadvantage of these types of measures is that a relatively long time
is required to obtain a reliable waveform, especially when the signal-to-noise
ratio  is  poor, like during surgery.   They are therefore not suitable for routine
monitoring intraoperative information processing. Instead, they can be used as a
reference measure to indicate if, when and how information is processed in a
state of presumed unconsciousness. In our studies, oddball tasks, without an
instruction to respond or to count the deviants, have been presented during
different periods of the operation. As mentioned previously, close to these
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measurements, midlatency AEP components were recorded and bloodsamples
were taken.

5.1.6 Postoperative interview
A structured interview is necessary to obtain a reliable estimate of possible
experiences of awareness and avoid confabulation. We have conducted a
standardized interview after the operation to test for possible recall. Our
interview consisted of the following questions which correspond with those
recommended by Brice  et  al.   [1970]:   "What  is  the last thing you remember
before going to sleep for your operation? What is the first thing you remember
on waking after your operation? Do you remember anything in between? Did you
have any dreams?" Two more questions were asked to get an idea of the patients'
opinion about their surgery: "Do you have any complaints about the anesthetic

procedure, that is, putting you asleep, maintaining you in sleep, and waking you
up? Do you have any other comments?" During the interview, the patients'
nonverbal behavior (sweating, grimacing, movements etc.) and arterial
bloodpressure were critically observed to gain an impression about the patients'
state. When they had difficulties answering the questions or when they preferred
to stop, the ERP recognition test was not conducted.

5.1.7 ERP-based memory assessment procedure
The inconsistent results obtained from implicit memory tests (see Chapter 2) call
for a more specific analysis of the described effects and the unique circumstances
under which positive evidence could be found.  We have therefore chosen  a
memory assessment procedure different from those traditionally used for
detecting intraoperative memories. It is based upon the assumption that ERPs can
be used as indirect measures of recognition memory. This assumption has been
first tested   in a study on healthy volunteers (see Chapter  6). With respect   to
implicit memory tests, using behavioral measures, such ERP-based procedure has
the following advantages: (1) it may provide indications about the mechanisms
which underlie the obtained effects, (2) it is less dependent on the difficult
selection of suitable stimulus material, (3) it can easily be adapted to individual
assessment procedures such as the bootstrap technique [Wasserman and
Bockenholt, 1989, see 5.4], (4) it does not require a discriminative response to
differentiate between experimental conditions, and (5) it appears to be less
vulnerable to effects of malingering [Rosenfeld,   1995].

The utility of ERPs as indirect measures of preserved or covert memories has
been demonstrated in several studies (see 4.4.4). These studies revealed that it
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was possible, on the basis of ERP responses, to correctly identify material that
was familiar to a person even when subjects provided no behavioral indications
of having encountered such material. The procedures  used in these studies  were
based upon the assumption that P30Os, or P300-like components, can be reliably
elicited by stimuli which have special meaning for the subject. In accordance with
this reasoning, it might be hypothesized that intraoperatively presented items
would gain special significance for the patients when they are perceived, either
with or without awareness. If so, this would make these items distinctive from
not-presented words, creating the possibility of eliciting a P300-like component
when presented together in a recognition oddball task (the presented items being
the rare stimuli). In addition,   by also presenting preoperatively learned items
during this recognition task, comparisons could be made with explicit or overt
recognition reactions.

Table 5-t. ERP recognition task: Stimulus and category characteristics

Stimulus characteristics
all words were one-syllable nouns
they contained 3 to 6 characters
they started and ended with a consonant
they were comparable in duration (range 320 - 620 msec)
they were of low emotional significance
they had a moderate occurrence frequency in the Dutch language

Category characteristics
the words were divided over 13 different semantic categories
within each category there were not more than 2 words with
the same vowel or pair of vowels
each category contained words with 3,4 and 5 or 6 characters

Based upon this rationale and a validation test carried out before clinical application
(see  Chapter  6), our postoperative memory task involved frequent presentations  of
novel items and infrequent presentations of preoperatively learned items and
intraoperatively presented items. Behavioral and ERP responses on these three
different types of items were compared to detect and analyze intraoperative memories.
A preoperative recognition test was administered to acquaint patients with the stimulus
presentation and the response format and to obtain a baseline measurement for overt
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recognition. Positive results from the first clinical study (Chapter 7) provided
additional grounds for the utility of this procedure. Table 5-1 shows characteristics of
the stimuli that have been used in the recognition tests (word index is given in
appendix  a).  They were grouped in semantic categories  to be able  to also use  them  in
a category association task [c. f., Jelicic et al., 1992a]  and to provide an extra cue for
recognition  [c. f., Allen et al.,   1992].

5.1.8 Hypotheses
As previously mentioned, we have attempted to capture the whole chain of auditory
information processing with our electrophysiological measurements. First, the
occurrence of midlatency AEP components during anesthesia would reflect intact
transport mechanisms of auditory material up to thalamic and cortical levels. Second,
the appearance of ERP waveforms during oddball tasks would demonstrate undamaged

perceptual processes, either with or without awareness. Third, the presence of (covert)
recognition memory would indicate storage of intraoperatively presented information.
Positive results at each phase would suppose that the preceding phase has been
completed adequately. Yet, it must be recognized that memory effects may occur
without actual awareness at the moment of information presentation. That is, the
appearance of N 1  and P2 may be sufficient evidence to conclude that some registration
has taken place without having the certainty about whether the eliciting stimuli have
reached awareness. Furthermore, it is hypothesized that the results of each phase have
predictive value for the outcomes of the next phase.

In summary, the following general hypotheses were tested in the studies described in
this  thesis:

(1)        Midlatency AEP components improve conventional techniques of intraoperative
monitoring, in particular with respect to a more accurate appraisal of the
occurrence of perceptual processing and awareness.

(2)     Long-latency AEP components are useful as intraoperative reference measures
to estimate the degree of auditory information processing.

(3)    ERPs and implicit behavioral measures recorded during a yes/no recognition
task are functional to assess (covert) postoperative memories for each patient
individually.
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5.2 Patients and anesthesia

5.2.1 Cardiac patients
The patients in our studies were all scheduled for cardiac surgery with total
intravenous anesthesia. Cardiac surgery incorporating cardiopulmonary bypass (CPB)
has been associated with a higher than normal incidence of awareness [Goldmann et
al., 1987]. During cardiac surgery the anesthetist is confronted with the difficulty of
achieving adequate depth of anesthesia and of preventing myocardial suppression
simultaneously. There appear to be two high risk periods in particular. First, during
the intense surgical stimulation of sternotomy and sternal spread and, second, during
the rewarming phase of hypothermic  CPB [G.N. Russell, 1991]. During this latter
period, light levels of anesthesia are commonly used to prevent hypotension in high-
risk   patients and myocardial depression respectively. In addition, the problem   of
awareness and recall in cardiac surgery is compounded by the difficulty of assessing
the anesthetic state during CPB. Artificial circulation and respiration restrict  the  use
of cardiovascular and respiratory parameters to monitor the level of anesthesia during
this  period [G.N. Russell, 1991]. Another reason for studying patients undergoing
cardiac surgery is the presence of extensive monitoring incorporating measures such
as arterial blood pressure, blood temperature and pulmonary artery pressure.
Recording of these signals may provide supplementary information about the patients'
anesthetic state. Furthermore, because highly standardized anesthetic protocols are
generally used for these types of operations, comparisons between patients and
surgical period would be facilitated.

A drawback for studying cardiac patients is the major impact of the operation. In
order to minimize the risk of complications, only patients who met the criteria in
Table 5-2 were asked to participate. In addition, patients were required to have Dutch
as their first language to avoid problems in performing the memory tests.

5.2.2 Intravenous anesthesia
The breakthrough of short acting drugs without cumulative properties has resulted in
an increased use of intravenous anesthesia. The aim of intravenous anesthesia is to
achieve a certain desired plasma concentration of the drugs and to maintain them at
that level. For a steady state the infusion must be equal to the rate of elimination. In
order to achieve the desired plasma level quickly a bolus dose is commonly given
followed   by a constant or decreasing infusion  rate.   A drug which   is   used   by
continuous infusion should be rapidly cleared from the body so that changes in plasma
concentration can be readily achieved by altering the infusion rate [Morgan,   1987].
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Table   5-2.   Clinical  studies:   Inclusion   criteria

Type of operation:
coronary artery bypass grafting (CABG) or
aortic valve replacement (AVR)
no re- or emergency operations

Patient characteristics:
preferably younger than 70 years
certainly not older than 75 years
no hearing difficulties (self report)
no history of cerebro vascular accidents
not confined to their beds
not extremely nervous

Good left ventricle (LV) function
end diastolic pressure <  18 mmHg
ejection fraction   >   35 %
no main stenosis  >  80%
no aneurysm of the left ventricle
normal LV contractions

Compared to inhalation techniques, intravenous anesthesia has the following
advantages: (1) induction is both rapid and pleasant for the patient, (2) the procedure
is extremely simple requiring only a needle and a syringe or an infusion pump, (3)
there are no problems regarding flammability of agents, (4) there is no pollution of
the operating theater, and (5) avoidance of known toxic effects of inhalation agents in
terms of production of arrhythmias, myocardial depression and possible renal and
hepatic toxity [Morgan, 1987]. Additionally, standardization of anesthesia is facilitated
by using infusion pumps. The fact that elimination of the anesthetics is not dependent
on ventilatory function and is unaffected in the presence of pulmonary disease is
considered an advantage  [c. f., Morgan,  1987]  but may  be  also a disadvantage  with
respect to its dependence on processes like redistribution and metabolism of the
anesthetic agents.

Cardiac surgery has the specific requirement of a high initial anesthetic concentration
to cover intubation and sternotomy and then a reduced level during periods of lesser

surgical stimulation. Furthermore, pharmacokinetic changes accompanying CPB
require extra control. I.F. Russell [1989] has formulated three main considerations in
the  choice Of anesthetic techniques for cardiac surgery: (1) prevention of myocardial
ischaemia, (2) balance between depth of anesthesia and myocardial depression, and (3)
requirement for postoperative respiratory support. In our studies, propofol is used as
the hypnotic agent both for induction and maintenance in combination with the opioid
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alfentanil. Propofol is a relatively new agent known for its rapid, clear-headed
recovery [Morgan, 1987]. Propofol infusion has been described  as a good hypnotic
[Kay, 1986; Steegers and Faster, 1988]. Alfentanil   is the shortest acting  of  the
currently available opioids. It has been shown to be a suitable analgesic component for
major surgery when given by infusion together with propofol  [Kay,   1986].

The use of benzodiazepines as premedication was avoided because these have been
reported to impair memory performance [Ghoneim and Mewalt, 1990]. Instead,
morphine was given subcutaneously.

5.3 Technical specifications

5.3.1 Electrodes and electrode positions
To provide good current transfer with minimum polarization, Ag-AgC1 electrodes
were used for EEG and EOG recording. To reduce the natural insulating properties
of the skin, the surface layer of dead skin cells was removed by lightly abrading it
using a scrub-cream. The electrodes were filled with an electrolyte paste to improve
conduction. They were affixed to the scalp with collodion (for EEG) or adhesive tape
(for EOG). Interelectrode impedances  were kept below  3  kOhm.   This was checked
before each recording session (before, during and after the operation). In order  to
study scalp distributions of the ERP components three midline (Fz, Cz, Pz) and two
lateral electrode sites were used. The lateral positions were located midway between
T3-C3 (C5) and T4-C4 (C6), according to the international 10-20 system [Jasper,
1958]. These lateral sites were selected because they are located approximately above
the auditory projection areas. Discomfort and overcharge of patients were important
considerations in limiting the number of recording channels. Linked pre-auricular
points served as reference. A ground electrode was placed on the forehead.

5.3.2 Recording equipment and procedures

Midlatency  AEP   recording:
For midlatency AEP processing, the raw EEG was recorded from Cz-Al and Cz-A2,
each referenced to Fpz. The EEG was amplified and filtered at 5-1500 Hz using a
Nicolet HGA-200A preamplifier and a Nicolet NIC-501A amplifier/filter. The EEG
was sampled at 5 KHz and stored using a LabMaster AD converter and a IBM-type
486 33 MHz Personal Computer. Auditory stimulation was performed with monaural
100 Bsecs rarefaction clicks at 75 dB SpL, and contralateral white masking noise at
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45 dB SpL. The clicks were delivered with random interstimulus intervals with an
average stimulation  rate  of 80 clicks per second. This random presentation format
ensures that the effects of interfering stimuli will be equally distributed over the entire
sweep, independent of the sweep length [Krausz, 1975; Cluitmans,  1991]. This results
in a smoothing of the effect of interfering stimuli. For more details see De Beer
[1996].

Long-latency AEP and ERP recording:
For ERP processing, the raw EEG and EOG were recorded and amplified using a 14-
channel Nihon Kohden electroencephalograph with a 6.6 s time constant. Low-pass
filtering   was   at   35   Hz   (-3 dB). Because   this   was   less   than  the   hal f  of the sample
frequency (125 Hz), aliasing was avoided (the Nyquist criterion). To calculate the
system's amplifier gain, a train of calibration pulses was recorded at the beginning and
end of each recording session during a 30 second interval. The duration of the 100 BV
calibrating square waves was 2 sec. Differences in the amplifier gains before and after
the recording sessions were usually below  1  % . The amplified signals were digitized
with a sample frequency of 125 Hz. In the second clinical study (see chapters 8 and
10), the oddball EEG data were digitally filtered to improve the signal-to-noise ratio.

5.3.3 Eye movement correction
Eye movements and blinks contaminate the EEG signal. Subjects and patients were
therefore encouraged to avoid as much as possible excessive eye movements or
blinking, once they were able to fulfill the tasks. To allow monitoring and employment
of a correction procedure, the EOG was recorded from the awake subjects or patients.
During anesthesia, the EOG was not recorded because eye movements were not
expected. Patients received pancuronium for muscle relaxation and their eyelids were
closed with adhesive tape. The EOG was recorded using three pairs of electrodes
(bipolar measurements), two pairs for vertical movements (supra and infra orbital
ridges of each eye) and one pair for horizontal movements  (at the outer canthi).  The
method of Van den Berg-Lenssen et al. [1989] was used for eye movement correction.
This method uses an autoregressive model to describe the EEG. Parameters describing
the relationship between EEG artifact and EOG recordings were derived from a 30 sec
"calibration" trial, containing prescribed horizontal, vertical, and diagonal eye
movements. At the start of each awake recording session, subjects were instructed to
perform a series  of eye movements without moving  the  head.  The eye movements
were guided by oral instructions from one of the experimenters about twelve
successive gazing points. These gazing points consisted of 9 white spots placed at
equal distances (20 cm) in a horizontal-vertical cross on a black board (lm x lm), that
was held in front of the subjects at a distance of approximately 1 meter (visual angles
of about 0°,  11°, and 22° vertically and horizontally). The parameters estimated for
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a calibration trial  were used to correct the trials Of the consecutive recordings.  For
technical details we refer to the paper of van den Berg et al. [1989]. Comparisons  of
different methods to correct ocular artifacts in the EEG are discussed in the paper of
Brunia  et al.  [1989].

5.3.4 Artifact rejection
EEG trials contaminated by muscle activity, drift or other artifacts should not be
included into the averaging procedure. Therefore, an automatic procedure developed
in our lab was used to reject trials which did not satisfy several criteria adjusted
beforehand. The signals were first digitally low-pass filtered at 1 Hz (only for artifact
detection). Then, for each channel it was checked whether the minimum and maximum
EEG voltages did not differ more than 50 BV. Furthermore, the non-baseline interval
(1 sec oddball task and 2 sec recognition task) was divided into four equal parts in
time  (250 ms  and  500 ms respectively).  The mean amplitude of each part should  not
differ more than 35 BV from the baseline. Electrostatical spikes should not have larger
amplitudes than 80 BV. In the first clinical study (Chapter 7) the rejection criteria for
intraoperative recordings were less stringent because electroencephalic changes caused
by the anesthetic agents would have resulted in excessive rejection: maximal 140 BV
absolute difference, maximal 100 BV baseline difference, spikes not larger than 100
BV.    In the second clinical study the rejection criteria were adapted   less   for   the
intraoperative recordings because these were digitally filtered, thereby reducing the
interference of slow wave EEG background activity. After artifact rejection, at least
30 (awake) or 40 (anesthesia) trials should remain for each condition.

5.4 Single-subject analysis: The bootstrap technique

It is likely that some patients may be particularly receptive to intraoperatively
presented information, either due to certain personality characteristics or to differences
in  pharmacokinetics and pharmacodynamics [Cogliolo   et  al.,   1990;   Hug,    1993].
Furthermore, the actual anesthetic state during stimulus presentation is likely to differ
between patients, and may greatly effect memory performance. In order to deal with
these individual differences it is important to develop a memory assessment procedure
that enables single-subject analyses. The suggested ERP-based procedure may profit
from successful applications of the Bootstrap technique to deception-detection [Farwell
and   Donchin, 1991; Rosenfeld   et   al.,    1991]. The Bootstrap technique   has   been
introduced by Efron [1979] and applied to ERP data by Wasserman and Bockenholt
[1989]. The technique involves drawing repeated samples (with replacement) from an
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estimated data distribution and then building a distribution for a certain statistic by
calculating the value  of that statistic for each sample. The bootstrap can be used  to
approximate distributions that are necessary for statistical interference. Its main
advantages are that it does not require knowledge of the sampling distribution and that
information about the original data distribution is preserved.
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Figure 5-t. Top: Two ERP waveforms with different P) amplitudes (Condition a and b).
Bottom:  The calculated frequency  distribution for the  P3  amplitude difference  (Condition  a
minus Condition b) after 1000 bootstrap repetitions. Note that most amplitude differences
exceed  zero,   indicating  a  consistent  amplitude   difference   (see   text).
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The usefulness of the Bootstrap technique in calculating approximate confidence
intervals in individual subjects can most easily be demonstrated by an application to
ERP amplitude differences. When applied to ERP data, the bootstrap makes use of the
characteristic that ERPs are built up from single EEG trials, which collectively form
a data set with sample size N. To investigate whether a P3 amplitude is significantly
different for two experimental conditions, ERP waveforms for each condition need to
be present, consisting of Na and Nb separate trials respectively. From each of these
sets of trials, n trials are randomly selected with replacement and averaged to two
separate ERPs  (ERPa  and  ERPb).  Next,  the P3 amplitude difference between  the  two
averaged waveforms is calculated. After repeatedly replicating these steps (e.g.,  1000
times), a distribution of bootstrapped amplitude differences can be obtained and hence
a confidence interval can be set up. Finally, one can conclude, for example, that there
is a significant P3 amplitude difference when the confidence interval does not include
zero. Figure 5-1 is an illustration of the bootstrap technique, showing the ERP
waveforms (a and b) and the calculated frequency distribution for P3 amplitude
difference after 1000 repetitions.
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PART TWO

EXPERIMENTS



6

EVENT-RELATED POTENTIALS AS INDIRECT
MEASURES OF RECOGNITION MEMORY1

6.1 Abstract

Event-related potentials (ERPs) were recorded during an auditory word-
recognition task to determine whether they can be used as indirect measures of
recognition memory,  dejined  as  the ability  to  differentiate  learned from unlearned
material when no oven recognition response from the subject is required. A
modified version  of the  two-choice  reaction  time  task  developed  by  Allen,  Iacono

and Danietson f1992] was used. In three recognition tasks, administered on two
consecutive    days,    subjects   were    instructed    to   indicate    recognition    of   recently

learned words. These words were presented along with unlearned words and
along with previously learned words which both required a non-recognition
response. Recently learned target words as well as previously learned nontarget
words elicited a centro-parietal positivity around 500-1000 msec post-stimulus.
The  size and onset of this  late positivity  (P300)  were affected  by the  requirement
of an oven recognition response.  The results suggest that ERPs are sensitive to
differences between learned and untearned words, to some extent independently
of the behavioral response.  ERPs may therefore be used as  indirect measures  Of

recognition memory. In addition, because the present results held for stimuti
presented in the auditory modality and because recognition indices were still
observed after a one-day interval between learning and testing, this procedure
might prove useful in various applications when the integrity Of memory is in
question.

1  Publishedinthe International Journal of Psychophysiology, 1996, 21: 15-31,
with C.H.M. Brunia and J.J.B. Allen as co-authors.
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6.2 Introduction

Event-related Potentials (ERPs) could prove to be a useful way to assess memory
for events which subjects do not explicitly report remembering. Persons may, for
example, report that they do not remember previous events because they are
unable (e.g., persons with amnestic syndromes) or because  they are unwilling
(e.g., malingering). Additionally, suboptimal conditions during initial presentation
can produce impaired conscious recollection despite evidence of having encoded
the  stimuli  [Eich, 1984; Kemp-Wheeler and  Hill,  1988].  ERPs may supplement
traditional behavioral measures of (implicit) memory for several reasons. ERPs
have a time-resolution on the order of milliseconds and can therefore provide
temporal correlates of the stages of information processing between stimulus and
response. Their scalp topography may provide indications of which brain areas
may underlie memory performance in a variety of tasks. Furthermore, compared
to behavioral measures, ERPs are less vulnerable to effects of malingering
[Rosenfeld  et al.,   1995]  and  can be more easily adapted to individual assessment
procedures [e.g., Wasserman and Bockenholt, 1989; Allen et al., 1992]. Finally,
ERP recording does not necessarily require that subjects behaviorally respond,
but only that they cognitively discriminate between experimental conditions,
which may be valuable for studies on different patient populations in particular.

The present study examined whether ERPs are sensitive to memories for
previously- learned material, regardless of whether or not recognition is reported.
The utility of ERPs as indirect measures of preserved or concealed memories has
been demonstrated in several studies. Farwell and Donchin [1986, 1991] and
Rosenfeld et al. [1991] have shown in deception-detection paradigms that it was
possible, on the basis of ERP responses, to correctly identify material for which
subjects had knowledge, even when no behavioral indication of recognition was
provided. These deception-detection studies were administered in the format of
an oddball paradigm,  i.e., the critical 'guilty' items appeared less frequently than
did the non-relevant items. The studies were based  upon the assumption  that
P30Os, or P300-like components, can be reliably elicited by stimuli which stand
out as distinct and which possess special significance for the subject. In a similar
fashion to these studies, Allen et al. [1992] developed an ERP memory-
assessment procedure that validly differentiated learned from unlearned material,
independently of overt recognition responses. In contrast to the studies of Farwell
and  Donchin   [1991]   and of Rosenfeld   et  al. [1991], Allen  et  al.   [1992]   used
stimuli that were not associated with "crimes" or antisocial acts, but rather
involved simple list learning. Subjects were instructed to respond affirmatively
to items from a recently learned list of six words and to respond negatively to
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items of an earlier learned list of six words and to 30 novel words. They were
encouraged to deceive the experimenters by hiding the fact that they had
knowledge about the earlier learned list. ERP results from three experiments,
differing in motivational manipulations, showed that recently learned words as
well as previously learned words elicited a large positivity which was generally
absent for the novel words. These results suggest that ERP-based procedures may
have assessment applications beyond lie-detection, extending to memory
assessment in a variety of domains. For example, in a case study of
prosopagnosia [Renault  et  al.,   1989],   it  has been demonstrated  that a similar
recognition oddball  task  may hold potential for clinical assessment protocols.
Renault et al. [1989] reported that the P300 component was sensitive to familiar
faces despite the prosopagnostic patient's inability to consciously recognize them.
Likewise, such ERP-based procedures may be valuable for evaluation of memory
functions with different types of amnesia. It should be similarly possible to study

preserved memories for stimuli which are presented below detection threshold

(subliminal perception) or during periods of minimal encoding (sleep or
anesthesia).

ERPs are frequently studied in relation to memory processes, revealing a close

relationship between late positive components and both encoding and retrieval
processes. For example, studies interested in the initial encoding of information
have shown that ERPs elicited by words that were later recalled or recognized
were more positive around 400 msec after word-onset than those of words that
were later forgotten [Fabiani et al., 1986; Paller et al., 1987b]. More importantly
for the present study, recognition studies have demonstrated that ERPs elicited
by correctly recognized old words were characterized by a large positivity,
starting around 200-300 msec following stimulus-onset and persisting over several
hundreds of milliseconds, which was largely absent for new words [Friedman,
1990;  Neville  et  al., 1986; Smith and Guster,   1993].   It is suggested  that  this
positivity may index the involvement of processes functionally related to the
ability to discriminate old items from new items, although it remains unclear to
what extent these processes are independent from overt behavioral responses.
Sanquist et al. [1980] and Neville et al. [1986] analyzed ERPs to correctly and
incorrectly identified words finding late positivities only for recognized old
words, concluding that the ERP effects were dependent on both the repetition of
words as well as on explicit recognition. However, Leiphart et al. [1993]
reported that ERP effects of prior learning were affected by response correctness
in a yes-no recognition task but not in a perceptual identification task. This may
suggest that in particular conditions larger positivities could be found for old
versus new words without a correct behavioral classification or explicit
recognition response. This latter suggestion is supported by experiments showing
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ERP repetition effects when subjects were engaged in tasks other than yes-no
recognition, such as lexical or semantic decision. In these tasks, involving
repetition of words after different numbers of intervening items, repeated words
provoked more positive going ERPs compared to first presentations [Rugg, 1987;
Rugg  et  al., 1988; Bentin and Peled, 1990]. Because subjects  did  not  have  to
make decisions about whether they recognized previously presented items, it is
suggested that memory search and overt recognition processes did not contribute
to the elicited positivity. Smith and Guster    [1993] have emphasized    the

multicomponent nature of the ERP memory effects associated with different types
of retrieval processes, one being more related to conscious recollection and one
being more related to repetition. Additionally, as has been described earlier,
recollection or recognition processes appeared to be difficult to suppress at the
ERP level [Allen  et  al., 1992; Farwell and Donchin, 1991; Rosenfeld  et  al.,
1991] and may even occur without phenomenological awareness [Renault et al.,
1989].

The present study is modelled after  that of Allen et  al.  [1992].  It is designed  to
extend the utility of existing ERP memory assessment procedures to allow future
investigations involving auditory presentation and longer delays between learning
and testing. Our study had three specific objectives. First, in the studies of
Farwell and Donchin [1991] and Allen et al. [1992], subjects were instructed to
deceive the experimenters by hiding the fact that they had knowledge about a
mock  crime  or an earlier learned  list of words respectively. Although in these
studies it was possible to identify familiar material on the basis of ERP
responses, such a deception instruction limits the utility of the procedure and
would prove difficult in experiments that aim to reveal implicit memories of
which subjects are unaware. Moreover, it could be hypothesized that the
instruction to intentionally withhold knowledge has been largely responsible for
the reported results, because it might provide extra significance to the critical
items (those  that  had  to  be kept hidden). The present study examined whether
ERPs are still able to differentiate learned from unlearned material without a
deception instruction. Second, almost all ERP deception and memory studies have

reported results using visually-presented material. Because many applications may
require an auditory format (e.g., presentation during sleep or anesthesia,
presentation to visually-impaired populations) it is essential to examine whether
comparable results can be obtained with auditorily presented material. Ferlazzo
et al.  [1993] have reported that an old-new ERP effect could be observed during
an auditory recognition task using two-syllable words. Whether comparable
effects on auditory ERPs could also be obtained when no explicit recognition
response is given is investigated in the present study. 17zird, the time course over
which an ERP-based procedure can be effective is unknown. The studies to date
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have typically used a short interval from learning to testing. Other applications
may  require a longer interval,  e.g., from learning trials during sleep to testing
after waking several hours later, from learning trials during anesthesia to testing
several hours or even days later after recovery. Because memory traces could be
expected to decline over time, the present study investigated whether ERP effects
could still be found after a one-day interval between learning and testing.

In our study, subjects learned different lists of six words and then participated in
a yes-no recognition task. During the recognition tasks, unlearned words were
presented together with recently learned words and previously learned words.
Only the recently learned words (learned targets) required a YES-response to
indicate recognition. Both the unlearned words (unlearned nontargets) and the
earlier learned words (learned nontargets) required a NO-response. The tasks

were constructed such that learned words appeared infrequently against a
background of unlearned material. The rationale was that if subjects had learned
two or three lists of words, of which only the most recent one required an overt

recognition response, subjects should nonetheless recognize all previously learned
lists of words. ERPs, and in particular the P300, were hypothesized to be
sensitive to such recognition. The amplitude of the P300 is inversely proportional
to stimulus-probability and is directly related to stimulus-relevance [Johnson,
1986]. Consequently, if learned words were perceived as a distinct and rare class

of stimuli, it is likely that they would elicit a P300-like component. If a P300
could also be found for the learned words which needed no overt indication of
recognition, this would support the hypothesis that ERPs can serve as indirect
measures of recognition memory. Furthermore, longer RTs were expected for the
learned targets. because their infrequent occurrence would produce a strong bias
to respond negatively. Longer RTs were also expected for the learned nontargets,
because  of a likely response-conflict (i.e., needing to indicate  NO  to a learned

item). After a one-day interval, ERP and RT effects for the words which were
learned the day before were expected to decrease in magnitude as a result of
declined memory traces and reduced stimulus significance.

6.3 Method

Subjects
Twenty volunteers (11 female 9 male students) participated in this study. They
were paid f7,50 (approximately $ 4.50 US) per hour. Two females were left-
handed whereas all other subjects were right-handed. They were aged from 18-35
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with a mean of 23.7 years (SD  i 4.7). All subjects were native Dutch speakers
(one bilingual) and had no hearing impairments. The main purpose of the study
and the complete procedure were not revealed to subjects until after they had
completed their participation.

Stimuli and Apparatus
Subjects were seated in a comfortable chair in a dimly illuminated, sound-
attenuated, and electrically shielded chamber. In consecutive study and
recognition phases, spoken words were presented to the subjects through stereo
headphones  at a comfortable listening level (approximately  60  dB). The words
were recorded by a native male speaker of Dutch onto a Digital Audio Tape.
Before storage on an IBM-type 486 Personal Computer (sample frequency 20
KHz, 12 bit resolution), each word was examined, and when necessary amplified,
using a speech editor. The PC was provided with a LabMaster AD/DA board so
that it could be used for stimulus presentation, experimental control and data
acquisition. All words were one-syllable nouns beginning and ending with a
consonant and comparable in presentation time, intensity and frequency of
occurrence in the Dutch language (see Table 6- 1). The words were divided into
13 different semantic categories of six words each. All categories contained three-
to six-letter words of which at least four had different vowels or pairs of vowels.
In the study as well as in the test phases, the stimulus onset asynchronies (SOA)
were approximately 2 sec, varying between 1850 msec and 2300 msec. Each test
consisted of 12 blocks with different pseudo-random word orders. In all blocks,
each word was presented only once. Because the words were identical for each
test-block, all words were repeated 12 times. Words from the learned lists were
never presented successively or as the last word. Because of possible influences
of an orienting response at the beginning of the test blocks, each block began
with three out of a set of six non-relevant words, which were discarded from
further analysis. Two small tubes with push-buttons on top served asresponse
buttons which recorded subject responses and latency of responses.

The Electroencephalogram (EEG) was recorded by non-polarizing Ag-AgC1
electrodes which were fixed with collodion to the scalp at Fz, Cz, Pz and two
lateral positions C5 and C6, located midway between T3-C3 and T4-C4
respectively. Linked mastoids served as the reference. Interelectrode impedances
were less than 3 kOhm. To monitor eye-movements, EOG was recorded by three
pairs of electrodes, two pairs for vertical movements (above and below each eye)
and   one   pair for horizontal movements   (at the outer canthi).   EEG   and   EOG
signals were amplified and written out on paper by a 14-channel Nihon Kohden
electro-encephalograph (timeconstant 6.6 s, lowpassfilter -3 dB cut-off at 35  Hz).
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A calibration pulse (peak-peak amplitude 100 BV) was recorded before and after
each test. The amplified signals were digitized on-line at 125 Hz (resolution 12
bit).  EEG data were corrected for eye-movement artifacts off-line before further
analyses  [van den Berg-Lenssen et al.,   1989].

Procedure

Because this experiment was also intended to select stimulus material for further
study, subjects were assigned alternately to two separate groups (A and B), which
differed only in which particular words were learned. Table 6-1 gives an
overview of the learned and unlearned categories used in each test. Group A
(N = 10)  had to learn in three separate study phases the categories "animals",
"landscape-elements" and "parts of the body" and group B (N = 10) the categories
"clothing", "kitchen utensils" and "furniture". Within each group, the order of
the three categories to be learned were counterbalanced between subjects.
Although complete counterbalancing was not performed across all lists, this
arrangement made it unlikely that any obtained effects were due Solely to
stimulus-specific factors.

Subjects were first instructed to memorize six auditorily-presented words (first
study list) from one of the three categories to be learned. The words were
presented repeatedly until the subjects could produce the list of words in the
order presented and in reversed order after a one minute break. In the next
recognition  test  (Test  1), the words  of the learned category were presented
pseudo-randomly among words from four other unlearned categories. Because the
learned words appeared infrequently  (p - 1/5) compared  to the unlearned words
(p= 4/5) this recognition test was essentially an oddball task. The subjects' task
was to respond as accurately and quickly as possible with the thumb of their
dominant hand when they recognized the word presented as one of the words
they had learned (YES-response) and with the thumb of their other hand when
they did not (NO-response). To obtain a sufficient number of trials for a proper
signal-to-noise ratio, the test was administered in twelve blocks with 1-2 minutes
rest periods between blocks.

Subsequently, after a 15-minute break, the subjects unexpectedly learned another
list of six words (second study list) belonging to one of the two remaining
categories to be learned. The learning procedure was the same as described for
the first study phase. After learning this list, a second recognition oddball test
was administered in which the words from the first and second study list were
presented pseudo-randomly among words from five other unlearned categories,
with the probability of occurrence being 1/7 for each of the two learned categories
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and 5/7 for the unlearned words. The subjects were instructed to give a YES-
response for only the recently learned words and to give a NO-response for all
other words. It was not explicitly mentioned to subjects that the words from the
first study list were included in this test. Because the words from the earlier
learned study list did not require a YES-response, these are referred to as
"learned nontargets". The recently learned words which had to be recognized are
referred to as "learned targets" . The second test also consisted of twelve blocks
with 1-2 minutes rest periods between blocks.

Table 6-1. Overview of the word categories.  their mean presentation-time (in msec), and
mean frequency  Of occurrence for subjects  in  groups A and  B.

Test 1 Test 2 Test 3
Presentation Occurrence

Category Time Frequency  A B A B A B

1. Animals 535 15-2   X    X 0   X
2. Landscape elements 528 264   X    X O   X
3.     Parts  of the body 418 45-5   X    X 0   X
4. Clothing 497 17-5    X   O X    X
5. Kitchen utensils 476 26-6     X   O X    X
6. Furniture 460 48-6     X   O X    X
7. Food 502 15-1 0 0
8.  Forms of transportation 469 42-9 0 0
9. Weather elements 512 26-3 0 0
10. Materials 540 18-7 0 0 0 0
11.   Means for storage 468 23-6 0 0 0 0
12. Green 508 384 0 0 0 0
13.  Parts  of the house 473 50-8 0 0 0 0

Note. X indicates the learned categories, 0 indicates the unlearned categories. For any single
subject,  one of the three X-marked categories  has been learned in Test  1,  tWO of the three X-
marked categories has been learned in Test 2 (one before Test 1 and one before Test 2), and
in Test 3 all three X-marked categories have been learned (one before Test  1, one before Test
2 and one before Test 3). The mean occurrence frequency for each category is calculated from
a frequency-list composed  by  Uit den Boogaart  [1975]. The first number indicates  the  mean
frequency in written Dutch based upon counting of 600,000 words from five different types of
printed language. The second number indicates the mean frequency of spoken Dutch with an
extent of approximately 120,000 words.
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The next day, at the same time as the day before, subjects again learned six
auditorily presented words (third study list) with the same criterion for learning.
These were the words from the last category to be learned (from among the
three, see Table  6-1). A third recognition test was then administered in which all
three learned categories were pseudo-randomly intermixed with five unlearned

categories, one previously unused category and four which had served as foils in
the first recognition test (see Table 6-1). As a result, the learned words of the
three study lists had a probability of occurrence of 1/8 each and the unlearned
words had a probability of occurrence of 5/8· In this task, administered also in
twelve blocks, the subjects had to give a YES-response for the recently-learned
words only (learned targets). NO-responses were required for all other words.
It was not explicitly mentioned that the words which were learned the day before
(learned nontargets, the items from study list 1 and 2) would be presented in this
test.

Compared to the first test, the probabilities of the learned words requiring a
YES-response to indicate recognition (learned targets) were smaller in the second
and third recognition test (1/5 versus 47 and 48 for the first, second and third test
respectively). whereas the probabilities  of all learned words together (learned
targets + learned nontargets) were somewhat larger in the second and third test
(% versus 47 and 34)· Because these probabilities cannot be equal in all tests, we
have chosen these ratios because they form a compromise solution. In addition,
it should be noted that we were primarily interested in ERP differences within
tests between the distinct classes of stimuli, rather than in ERP differences
between tests. Furthermore, we did not have a specific purpose in re-using the
unlearned categories of the first test in the third test. but this was a necessity
because it was not possible to construct other matched categories in terms of
presentation time and frequency of occurrence.

After the third recognition test, the subjects were asked to write down the words
which were learned in all three study phases.

Data analysis
Although in the following analyses repeated measures analysis of variance designs
were used, the multivariate test of significance [Jennings, 1987; Vasey and
Thayer,  1987] was selected to circumvent the problem of violating the sphericity
assumption. In each case, the approximate E-value associated with the
multivariate test is reported.
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Mean RTs for the words presented in the recognition tests were calculated for
each study list and for the unlearned words. Mean RTs for all unlearned words
were averaged together and treated as a single list. Responses faster than 250
msec after word-onset were considered to be guesses and were therefore excluded
from statistical analysis, as were Misses and False alarms. To test possible
training effects, a Multivariate Analysis of Variance (MANOVA) with repeated
measures (SPSS-PC +) was carried  out  for the overall  mean RTs. Separate
MANOVAs were carried out for each test with study list as within subjects
factor, supplemented with pairwise comparisons when main effects were found
(the significance level was Bonferroni corrected).    For the recall    data,    a
MANOVA was carried out with study list as within subjects factor.

Eye-movement-corrected EEG signals were automatically screened for artifacts.
Accepted signals were averaged for each channel time-locked to the onset of the
stimuli. The total length of the averaging epoch was 2 sec extending from 500
msec preceding word-onset to 1500 msec following word-onset. The 200 msec
period preceding the onset of the stimulus was used for base-line correction. ERP
waveforms were obtained  for each study list separately. Those  for the unlearned
words were averaged together and treated as a single list. Only trials with correct
responses were included in these averages. Peak amplitude of the late positivity
was identified as the most positive value in the 450-950 msec post-stimulus
interval, measured in respect to the average voltage of the 200 msec pre-stimulus
baseline. This positivity is considered to correspond with, and is further referred
to as, P300 because of its centro-parietal dominance, its sensitivity to stimulus
probability and because it was elicited by relevant items in a categorical decision
task. In order to assess the time-course of post-stimulus slow-potential shifts,
mean amplitudes were determined  for five consecutive periods of  150 msec each,
starting 200 msec after word onset. This was done solely for the midline
electrode positions. P300 peak amplitude, P300 peak latency and mean epoch
amplitudes were used as dependent variables in statistical analysis.

For each test and ERP parameter, MANOVAs with repeated measures were
carried out with study list and electrode position (midline electrode positions) and
study list and hemisphere (lateral electrode positions) as within subject factors.
When main effects were found, these MANOVAs were supplemented with
Bonferroni corrected pairwise comparisons. To evaluate possible confounding
effects of target probability and recurrence, MANOVAs were carried out on
P300 amplitude and latency for learned targets and unlearned nontargets
respectively with test as within subjects factor.
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6.4 Results

Performance
Table 6-2 summarizes the performance data for each recognition test as a
function of study list. Errors were made almost exclusively for the learned targets
(Misses). indicating a strong response-bias in the direction of negative responses.
The average percentage of errors across all categories was about 2.22% for all
three recognition tests. Because of a decrease  in mean RTs from the first to the
third  test  it was evident  that an effect of training was present  (F(2,18) =6.43,
p < .01).  As  can be  seen in Table 6-2, training influenced  only  the  RTs  of the
NO-responses.  When the RTs of the NO-responses were averaged and compared
with those of the YES-responses, a significant Test x Response interaction was
present (F(2,18) =4.01, p < .05).  The RTs for the NO-responses decreased  from
the first to the third test (F(2,18)=7.88, p<.01) whereas the RTs for the YES-
responses remained approximately the same.

In the first recognition test, RTs were significantly faster for unlearned words
than for learned words (F(1,19)-28.90, p<.001).  In the second recognition test,
a significant main effect of study list was also present (F(2,18) -38.87, p < .001).
Pairwise comparisons revealed that RTs for unlearned nontargets were
significantly faster than to learned targets  (List 2;  F(1,19) = 80.64, p < .001) and
to learned nontargets (List 1; F(1,19)=34.81, p<.001). Mean RT for learned
nontargets was in turn faster than for learned targets (17(1.19) = 16.32. p < .001).
In the third   test, a significant overall effect of study   list   (F(3,17) = 36.43,
p < .001)  was the result of longer  RTs  for  the recently-learned words  (List  3)
compared to those for unlearned words (F(1,19)=98.21, p<.001) and those for
previously-learned words from study list  1  (F(1,19) =55.06, p <.001) and study
list   2    (17(1,19) =33.06,   p <.001). Other pairwise comparisons showed    no
significant differences, revealing that after a one-day interval between learning
and testing mean RTs no longer differentiated between unlearned words and those
learned words which did not require a YES-response indicating recognition.

Only three subjects could recall all 18 learned words after completion of the
study. The number of words from each study list that could be recalled
afterwards differed significantly between lists (F(2,18) =5.76, p < .05) (see Table
6-2). Pairwise comparisons demonstrated  that this resulted from poorer recall  of
the  words  from the second study  list  (4.90   i   1.17) than those  from the third
study list (5.75 f 0.44) (F(1,19)=11.16, p< .01). Words from the first study
list (5.35  i 0.75) were somewhat better recalled, although not significantly, than
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those  from the second study  list  (F(1,19) =2.82,  p=. 11) but worse than those
from the third study list (F(1,19)=4.08, p=.06).

Table 6-2, Mean reaction times, errors and P300 peak amplitudes and latencies at Pz
for each  recognition test  as  a function  of study  list.

Unlearned List 1 List 2 List 3

Test 1: Response NO YES
RT (msec) 582 (62) 627 (68)
Errors ( % ) 1.05 (2.1) 6.50 (3.71)

P300 ampl. (BV) 4.95 (2.24) 13.10 (5.31)
P300 latency (ms) 706 (115) 680 (95)

Test 2: Response NO NO YES
RT (msec) 547 (74) 595 (92) 628 (92)
Errors  ( %) 0.55 (1.3) 0.95 (1.5) 10.15 (6.3)

P300 ampl. WV) 4.92 (2.15) 7.91 (2.57) 15.32 (5.80)

P300 latency (ms) 711(120) 745 (104) 668 (108)

Test 3: Response NO NO NO YES
RT (msec) 530 (71) 536 (69) 547 (70) 622 (78)
Errors  ( %) 0.90 (2.2) 0.20 (0.5) 0.80 (1.1) 11.15 (5.0)

P300 ampl. UiV) 5.10(1.80) 7.66 (2.40) 7.47 (2.79) 14.17 (4.58)
P300 latency (ms) 702 (125) 690 (66) 732 (104) 674 (95)

Recall 5.35 (0.75) 4.90 (1.17) 5.75 (0.44)

Note. Standard Deviations are given in parentheses. Errors represent % misses and false alarms
of all responses.  Note that for Test 2,  mean RTs as well as P300 peak amplitudes were different
for the unlearned words and the earlier learned words (List 1) (p < .001). although both required
the same behavioral response. For Test 3. the mean RTs were no longer different for the
unlearned words and the earlier learned words (List 1 and 2). In contrast, the P300 peak
amplitudes for words from List  1 (p < .001) and List 2 (p <.01) were still  larger than those for
unlearned words.

Event-related Potentials
For each recognition test, grand average ERP waveforms are presented in Figure
6-1 as a function of study list. All words provoked clear Nl-P2-N2 waveforms.
A sustained fronto-central negativity was present in the ERP waveforms to
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unlearned words and earlier learned words which both served as nontargets. This
negative component was smaller and of shorter duration for the overtly
recognized words. The recently-learned  as  well as previously-learned words
elicited a centro-parietal positivity around 500-1000 msec post-stimulus, which
was larger than those elicited by unlearned words. The size and onset of this
positivity (P300) were clearly affected by the requirement of an over't (YES)
recognition response, showing a larger amplitude and an earlier onset for the
overtly recognized words.
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TEST 1 TEST 2 TEST 3
Latency (s) Latency (s) Latency (s)l i l l i l i l l i l i l l i

-O.5 0.0 O.S 1.0 1.S -0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5

Figure 6-1, Averaged ERP waveforms from the midline and lateral electrode positions
for each test  as  a function of study  list.  Word-onset was  at  0.0 sec.
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P300 peak amplitude and latency
MANOVA results for P300 peak amplitude and latency (max 450-950 msec)
recorded  from the midline electrode positions are shown in Table  6-3.  Mean
values at Pz are indicated in Table 6-2.  For each test (Test  1,2 and 3) there were
significant main effects of study list on P300 amplitude (midline and lateral:
p's <.001). Pairwise comparisons executed for the midline electrode positions
revealed that all learned words, regardless of whether they required an overt
(YES) recognition response, elicited larger P300s than did the unlearned words
(see Table 6-3). These results were significant for each test even after Bonferroni
correction (Test 2: p < .017; Test 3: p < .008). Pairwise comparisons executed for
the lateral electrode positions showed essentially the same results. However, the
P300 amplitude difference between study list 2 and unlearned words did not reach
significance   in the third   test   (t= 1.89,  p= .074) at these lateral sites.   P300
amplitude was largest at all sites for the learned target words which were overtly
recognized (all pairwise comparisons with the recently learned list: p< .001). In
the third test, P300 peak amplitu(les for list 1 and list 2 (both learned nontargets)
were not significantly different  from each other (midline:  t= 1.44, ns; lateral:
t=2.20,  ns).  For the midline analyses, the significant effects of electrode position
(p's<.001) indicate that the P300 had a centro-parietal dominance. The Study list
x Electrode position interactions  (p's < .05) indicate that the effects of study list
were the largest  on the central and parietal electrode positions (see Table  6-3).
There were no significant hemisphere differences in the appearance of P300 nor
in terms of interaction with study list.

P300 peak latency was significantly affected by the factor study list in the third
test (midline: F(3,17)=4.43, p < .05; lateral:  F(3,17) =4.15, p < .05). Pairwise
comparisons executed for the midline electrode positions revealed that this was
mainly the result from a P300 latency difference between list 1 and unlearned
words (t=2.32, p<.05) and between List 1 and List 2 (t=2.88, p<.05),
showing a shorter P300 latency for list 1. However, after Bonferroni correction
these comparisons were no longer significant. Pairwise comparisons executed for
the lateral electrode positions revealed that P300 latency was shorter for list 1
than for list 3  (t=3.38, p < .008).  In each test, a significant effect of electrode
position was present for P300 latency  (p < .01). Mean latency values indicated
that P300 reached its maximal amplitude earliest at Pz and latest at Fz. A
significant hemisphere effect inthe second (F(1,19)=12.36, p<.01) and third
test  (F(1,19)=6.62, p<.01) revealed that during these tests P300 latency  was
longer  at C6 (right hemisphere)  than  at  C5 (left hemisphere).
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Table 6-3:  Results from MANOVAs and painvise comparisons carried out for each test
separately on the P300 peak amplitude and P300 peak latency at midline electrodes.

TEST 1 TEST 2 TEST 3
df          F                    df              F                   df             F

P300 PEAK AMPLITUDE
Study list (S) 1,19 76.09 ***

2,18 24.24 ***
3,17 17.98 ***

Electrode (ID 2,18 32.01 ***
2,18 49.55 *** 2,18 71.06 ***

Sx E 2,18 9.52 ** 4,16 7.67 ** 6,14 3.81 *

Paired comparisons (t values):
List 1 vs Unlearned 5.79 *** 5.91 ***

List 2 vs Unlearned 7.15 *** 3.08 **

List 3 vs Unlearned 7.44 ***

P300 PEAK LATENCY
Study list (S) 1,19 2.65 2,18 2.93 3,17 4.15 *

Electrode (ID 1,19 9.76 **
1,19 13.22 ***

1,19 6.72 **

Sx E 1,19 1.52 2,18 1.25 3,17 1.65

Painvise comparisons (t values):
List 1 vs Unlearned <1 2.88 *

List 2 vs Unlearned 1.87 <1
List 3 vs Unlearned 1.72

Note. Outcomes from the pairwise comparisons for the midline electrodes are indicated by t-
values. *= p<.05. **= p<.01, ***== P <.001.

Mean epoch amplitt«les
Mean amplitudes of five consecutive 150 msec epochs as a function of test and
study list are given in Table 6-4. Significant amplitude differences between the
distinct classes of stimuli are also indicated in this table. The negativity, mainly
present for the words that needed a NO-response, encompassed the first three 150
msec epochs and shifted from a central towards a frontal maximum. The
subsequent positivity, prominently present for the learned words, appeared in the
period of the last two or three epochs and had a parietal maximum.
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Table 64:  Mean amplitudes  of five  150 msec  epochs for the first,  second  and third
recognition   test   as   a  function   of   Study   list.

Test 1 Test 2 Test 3

Latency List 0  List 1 List 0  List 1  List 2 List 0  List 1  List 2  List 3
Range (ms) (NO) (YES) (NO) (NO) (YES) (NO) (NO) (NO) (YES)

200-350  Fz 4.01 -3.66 -4.21 4.33 -3.92 -3.65 -3.32 -3.92 -2.98

Cz   -5.95 -5.34 -6.50  -6.22 -5.93 -5.83 -5.52 -5.82 -5.42

Pz    -3.06 -2.25 -3.73  -3.16 -3.23 -3.13  -2.97  -2.87  -2.80

(a)     (b)          (a)     (a)     (a)          (a)     (a)     (a)     (a)

350-500 Fz -6.94 -4.14 -6.58 -6.87 -4.21 -5.94 -5.88 -7.08 -2.64
CZ -7.51 -3.34 -7.41 -7.02 -3.26 -6.25 -6.37 -7.05 -2.50

Pz -2.80 -1.52 -3.46 -2.40 1.25 -2.47 -2.30 -2.41 1.35

(a)     (b)          (a)     (a)     (b)          (a)     (a)     (a)     (b)

500-650 Fz -5.68 -1.42 -4.88 -5.11 -0.24 -3.98 -3.44 -5.35 0.90

Cz -2.76 4.43 -1.51 -1.26 7.40 -0.43 0.53 -1.30 6.94
Pz 1.94 9.70 1.62 2.65 10.52 2.40 3.54 2.67  10.69

(a) (b)   (a) (a) (b)   (a) (al)' (a2)* (b)

650-800 Fz -2.90 -0.24 -2.05 -0.82 1.68 -1.66 -0.30 -1.77 1.85

CZ 0.43 5.55 1.82 4.34 8.64 2.38 4.25 3.03 8.38

Pz 2.76 9.76 2.65 5.56 11.29 3.23 4.88 4.63 10.97

(a)     (b)          (a)     (b)     (c)          (a)     (b)     (a)     (c)

800-950 Fz -1.27 2.12 -0.50 0.99 2.86 -0.61 0.06 -0.90 3.63

CZ 0.66 5.26 1.90 4.30 7.58 2.22 3.10 2.59 7.65

Pz 1.90 6.27 2.18 4.00 8.06 2.75 3.09 3.58 7.84

(a)     (b)          (a)     (b)     (c)          (a)     (a)     (a)     (b)

Note. List 0 corresponds with the unlearned list of words. For each test: the mean amplitudes
of the Study lists which were significantly different from each other within each interval across
all sites are indicated with a different letter. Significance levels were Bonferroni corrected: Test
1:  a=.05,  Test  2:  a=.05/3,  Test  3:a=.05/6. The application  of this Bonferroni correction
procedure did not contribute to the difference between tests in the pattern of list-related effects,
i.e.,   if  the same Bonferroni correction is applied  to  Test  2  and  Test 3, these results  are

unchanged.

* al differed from a2 but both did not differ from a.
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MANOVAs carried out on the mean amplitudes obtained during the first test
revealed significant effects of electrode position (p < .001) and study list (p < .05)
for all 150 msec epochs. Mean ERP amplitudes for the learned words were less
negative (200-350 msec and 350-500 msec) or more positive (500-650 msec, 650-
800 msec and 800-950 msec) than those for the unlearned words. Significant
Study list x Electrode position interactions were present for the mean amplitudes
of all  but the first epoch  (p < .05), referring  to a larger effect of study  list
(learned versus unlearned words) on the central and parietal than on the frontal
electrode positions.

For the second recognition test, significant effects of electrode position (R< .001)
were  found  for  all mean amplitudes. Significant main effects of study  list  (i.e.,
across the three midline positions) were found for the mean amplitudes of the last
four 150 msec epochs (p< .001). Pairwise comparisons revealed that mean ERP
amplitudes for the learned targets (List 2) were less negative (350-500 msec
epoch) or more positive (500-650 msec, 650-800 msec and 800-950 msec epochs)
than   those   for   both the learned nontargets   (List   1) and unlearned nontargets
4 <.001).  In turn. mean ERP amplitudes for the learned nontargets appeared to
be more positive than those for unlearned nontargets after about 600 msec post
stimulus (see Figure 6-1). Compared to the results of the overtly recognized
words (List 2) this effect was less pronounced and was significant only for the
650-800 msec (F(1,19)=19.01, p<.001) and 800-950 msec (F(1,19)=15.68,
p < .01) epochs. The effects of study list were largest for the central and parietal
sites as could be deduced from Table 6-4 and a significant Study list x Electrode
position interaction for all but the first  150 msec epoch (p < .05).

In the third recognition test, significant effects of electrode position  (p< .001)
were also found for all mean amplitudes. The factor study list significantly
affected the mean amplitudes of the last four  150 msec epochs (p < .001).  As in
the second test, pairwise comparisons revealed that from the 350-500 msec epoch
the mean ERP amplitudes for words from the recently learned list (List 3) were
more positive than those for unlearned words (p < .001) and those for words from
the earlier learned lists  (p <.001).   In the 650-800 msec epoch,   mean  ERP
amplitudes across the three midline positions for words from the first study list
were more positive than those for unlearned words  (F(1,19) = 18.23, p < .001).
For the same interval, a significant overall difference between mean ERP
amplitudes for words from the second study list and those for unlearned words
was not found, although they differed significantly on the Pz electrode position
(F(1,19)=11.42,     p< .01: Study      list x Electrode-position interaction:
F(6,14) =6.47, p <.01). Mean ERP amplitudes for words from the first and
second study list differed from each other in the 500-650 msec and 650-800 msec
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epoch (p <.01).In these periods the mean ERP amplitudes for words from the
first study list were more positive than those for words from the second study
list. Significant Study list x Electrode position interactions were present for the
mean amplitudes of all but the first 150 msec epoch (p < .05).

Evaluation of possible confounding  ejJects
Because distinct unlearned categories were assigned together to one list, it could
be argued that latency-jitter may have contributed to the reported ERP
differences. Further, the three tests differed with respect to target probability
which may have contributed to the observed effects. Finally, because the items
were not fully rotated and because categories from the first test were re-used in
the third test, item-specific confounds and implicit learning effects have to be
taken into account. Figures 6-2 to 6-4 are provided to illustrate the plausibility
of these possibilities. Supplementary analyses were performed to evaluate effects
of stimulus probability and recurrence of stimuli.

Figures 6-2 and 6-3 present parietally-recorded (Pz) ERPs to the learned
nontargets and each unlearned category separately. Consequently, the number of
trials of which an ERP was composed are approximately equal. Visual inspection
of these figures reveals that positivities for each unlearned category were absent
or smaller than those for the learned categories, with only one possible exception
for category 13 in the third test. Nevertheless, considering the fact that the
learned categories were not the same for all subjects but instead were composed
of three or six different categories in the second and third test respectively (see
Table 6-1), latency-jitter can be presumed to play no or only a minor role in the
origin of the results.  As can also be observed in these figures and corraborated
by MANOVAs, there were no significant differences between the distinct
unlearned categories, making interpretations in terms of item-specific responses
less plausible.

To determine effects of target probability, MANOVAs were carried out on P300
peak amplitude and latency for the learned targets, with test and electrode
position (midline electrodes) and test and hemisphere (lateral electrode positions)
as within subject factors. Because we were specifically interested in distinctions
between all three tests, these MANOVAs were supplemented with planned
pairwise comparisons. P300 peak amplitude recorded from the midline electrode
positions differed significantly between tests (F(2,18)=6.23, p<.01). As can be
seen in Figure 6-4, this was due to a smaller P300 amplitude in the first test
compared to those in the second test (t=3.34, p <.01) and the third test (t=2.42,
p < .05). Because target probabilities  in   test   1   to   3  were   1/3,   1/7,   and   1/8
respectively, this result corresponded well with differences in target probability.
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There were no P300 amplitude differences between the second and third test. A
Test x Electrode position interaction  (F(4,16) =3.52,  p < .05) revealed  that  the
P300 amplitude difference between tests was larger  at  Cz  (p < .01)  than at  the
other midline electrode positions  (p <.05).  P300 peak amplitude recorded from
the lateral electrode positions  did not differ significantly between tests.  P300

latency was not affected by test.

Unlearned words
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Figure 6-2.  TEST 2: Averaged ERP waveforms recorded from Pz for the previously-
learned categories which did not require a YES-response to indicate recognition (Study
list  1:  dashed  lines)  and for  the  separate  unleamed  categories  (solid  lines).  For  Group
A  the  teamed  categories  were  1,2,  or  3  and  the  unlearned  categories  were  4,5,6,7,
and 8. For Group B the learned categories were 4,5, or 6 and the unlearned categories
were  1,2,3,7,  and 8.  Word-onset was  at 0.0 sec.
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Figure 6-3. TEST 3. Averaged  ERP waveforms recorded from  Pz for the  previously-
learned categories which did not require a YES-response to indicate recognition (Study
list  1:  dashed  lines;  Study  list  2:  dotted  lines)  and for the  separate  unlearned  categories

(solid  lines).   The   learned  categories  were   1,   2,  or  3  for  Group  A,   and  4,   5,   or  6  for
Group  B   (see  also  Table  6-1).  The  unlearned  categories  were  9,   10,   11,   12  and  13  for
both Group A and B. Word-onset was at 0.0 sec.

The fact that words that served as foils in the first test, were used as unlearned words
in the third test may have influenced the results. To determine the extent of this
confounding effect of recurrence, MANOVAs, similar as those described above, were
conducted    on    P300 peak amplitude and latency    for the unlearned nontargets.    A
significant effect of test on P300 amplitude was present for the midline electrode
positions (F(2,18)=3.62, p< .05). Pairwise comparisons revealed that this was due to
a smaller P300 amplitude in the first test than in the second test (t=2.21, p< .05) and
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in the third  test  (t=2.12,  p< .05).   A  Test x Electrode position interaction

(F(4,16)=16.18,  p< .001) revealed a shift in potential distribution between Tests.
Analysis for each electrode position showed a significant effect of test for the Cz
electrode position (,17(2,18) = 10.65, p < .01) which was absent for Fz and Pz electrode
positions. A significant effect of test was not found for P300 peak amplitude recorded
from the lateral electrode positions. P300 latency differed between tests at the lateral
electrode positions (F(2,18) =4.61,p<.05) Pairwise comparisons showed that this was
due to longer P300 latencies  in  test  1  than  in  test  2  (t=2.46, p<.05)  and  in  test  3

(t=2.69, p < .05),  with no effect of hemisphere.
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Figure 6-4: Mean P300 peak amplitude (in BV) for untearned words and overtly
recognized words as a function of test.  Note that for both the unleamed and overtly
recognized words, the P300 peak was smaller in the first test than in the second and
third test.  especially at the Cz electrode position.

In short, these results show that P300 differences between tests were mainly the
result of dissimilarities between test 1 on the one hand and test 2 and 3 on the
other hand  (see also Figure 6-4). Because these P300 amplitude test-effects  were
comparable for learned targets  and for unlearned nontargets, it appeared  that
target probability alone had no substantial influence on the previously-reported
results. In addition, because there were no P300 amplitude differences between
the second test (no recurrence) and the third test (recurrence), whereas both
differed from test 1 (no recurrence), it seems evident that the re-use of word
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categories had no important influence on the results. Apparently, these
differences between the three tests are due to another factor, possibly the
presence of earlier learned material, which introduced  a new task aspect in the
second and third tests (see discussion).

6.5 Discussion

To summarize the results, a late central-parietal positivity was present for
recently-learned as well as earlier learned words, even though the latter did not
require an overt indication of recognition. This positivity was largely absent for
unlearned words. Furthermore, in the second recognition test mean RTs to both
types of learned words were slower than those to unlearned words. These results
support the notion that ERP as well as RT measures may be a useful way to
assess memory in absence of overt indications of recognition, provided that
testing can occur close  to  the  time  of the study-period. With larger intervals
between learning and testing, the present data suggest that only ERP measures
can be used as accurate indices of covert recognition.

The main purpose of the current study was to establish whether an ERP-based
procedure could detect traces of learned material, independently of overt
recognition responses. It can be considered as a first step towards assessing
implicit memory effects. Whether the procedure works when subjects are
unaware of previously-presented material was a subject for another study [Van
Hooff et al.,  1995].  If the procedure  is not sensitive to such material in amnesic
patients the procedure may be valuable for diagnosing patients with explicit
memory but without the ability to report memories because of neurological or
functional impairment,  or for demonstrating the ability of explicit retention during
periods of minimal encoding, e.g., during sleep or dual task performance.  If, on
the other hand, the procedure is sensitive to previously learned material in the
absence of phenomenological awareness, the procedure may prove useful for
assessing implicit memory effects, e.g., learning during anesthesia. Because the
purpose of this study was more circumscribed -- to extend the utility of existing
ERP memory assessment procedures -- the results will be discussed with respect
to the three specific aims discussed previously.
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Three specific objectives of the current study

Necessity of the instruction to deceive
It was examined whether an instruction to deceive is a necessary prerequisite to
obtain ERP and RT differences between learned and unlearned items in an
assessment paradigm  such as those  used in deception-detection studies.   The
present study made use of a paradigm that strongly resembled that of Allen et al.
[1992] but the instruction to intentionally conceal previously learned material was
omitted. Subjects were not told that earlier learned words would re-appear in the
following tests but were simply instructed to respond affirmatively upon the most
recently learned words. Allen et al. [1992] reported that ERP positivities to
learned words which had to be concealed were larger than those to unlearned
words. A similar effect could also be observed in our study, although the
amplitude difference between positivities to learned nontargets and those to
unlearned nontargets did not reach the same magnitude as that reported by Allen
et al. [1992]. Further, there was a substantial difference in onset and amplitude
between the P300s for learned targets (overtly recognized) and learned nontargets
(not overtly recognized). These effects are most probably due to the fact that we
did not direct the subjects to intentionally withhold knowledge about the
previously learned items, which decreased the significance and relevance of these
items. In contrast, a deception instruction might provide extra significance   to
learned words causing them to be relatively more distinctive as compared to
unlearned words. Nevertheless, our results suggest that a deception instruction,
although presumably augmenting the effects, is not a prerequisite for obtaining
ERP differences between learned (but nontarget) and unlearned material.  The
results suggest that the ERP memory assessment procedure may prove useful in
clinical investigations, as for example, the assessment of persistent memory
functions during anesthesia or in patients with amnesia.

Auditory modality
With visual presentation the entire stimulus is simultaneously presented on the
screen whereas with auditory presentations the word is presented as a sequence
of sounds. Further, in contrast to visually presented words, spoken words are
more variable in duration and intensity-patterns, causing a larger variance in the
single trial ERPs. However, we obtained clear ERP waveforms in the present
study and observed similar effects as those reported in the study of Allen et al.
[1992], using visually presented words. That the ERP procedure works well with
auditory stimuli suggests that the procedure might be applicable to the detection
of preserved memories for material presented during general anesthesia or sleep.
A further implication is that standard visual memory paradigms could be extended
to the auditory modality,  as has been demonstrated also by Ferlazzo et al.  [1993].
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Temporal factors afecting the procedure
The ERP memory assessment procedure could still differentiate, albeit less
robustly, learned from unlearned words after a one-day interval between learning
and testing. In the third recognition test, unlearned words were intermixed with
words that were learned the day before and six words that were learned just
before the test. Only the recently learned words required an overt indication of
recognition. The one-day interval between learning and testing diminished the
learning effects for P300 and eliminated them for RTs. In the third test, P300
evidence of covert recognition was still found for the words that were learned the
day before but, compared to the corresponding P300s to learned nontargets in the
second test, the P300 effect was smaller in amplitude, encompassed a more
restricted time period, and was present at a more limited set of scalp sites. The
decrease in the size of the P300 amplitude effects might be explained by an effect
of implicit learning, because the unlearned nontargets from the first test were re-
used in the third test. As previously discussed in the result section, however, it
appeared that recurrence of unlearned word categories did not contribute
substantially to the reduced ERP effects. Moreover, the difference in ERP effects
observed in the second test and those observed in the third test can only be
explained by a decrease in P300 amplitude for learned nontargets because the

P300 amplitude for unlearned nontargets were largely the same in both tests. The
decrease in amplitude therefore most probably resulted from a decline in the
strength of the memory trace and/or from decreased stimulus significance. These
same factors likely caused the disappearance of the RT effect. The fact that the
ERP effects persisted while the RT effect disappeared after a one-day interval
suggests  that  ERPs can provide more sensitive (i.e., longer lasting) indices  of
covert recognition than do RT data.

Farwell and Donchin [1991] also tested their subjects one day after participation
in a mock espionage scenario. Slowed RTs to memory-relevant items were still
found, but the authors suggested that RTs may not be suitable as a measure of
guilt or innocence because they can easily be voluntary manipulated. Allen et al.
[1992] administered their second recognition task after a 30-minute break. They
reported that implicit behavioral measures (mean RTs for correct responses and
the number of incorrect responses) were equally effective in identifying the
critical list as was the ERP-based procedure. Therefore, they emphasized that the

superiority of ERP recordings over implicit behavioral measures has yet to be
demonstrated. In our study, this superiority has been demonstrated in memory-
testing across time, suggesting ERPs have utility for the assessment of memory
over longer study-test intervals.   It is unclear  over what durations the procedure
may prove effective beyond  the  one day examined  in the present study.

94



General discussion
The ERP effects may be explained by the fact that both types of learned words
had special significance for the subjects (by virtue of previous learning) and
appeared with a lower probability than did the unlearned words. Apparently,
these two aspects were sufficient conditions for eliciting ERP signatures that
differed from unlearned words without the additional requirement of an overt
recognition response. As has been noted by Rosenfeld et al. [1991], it should be
explicitly stated here that factors such as (involuntary) attention, relevance,
subjective meaning, and other attributes may explain the P300-evoking property
of learned items in addition to low stimulus probability. Moreover, all word-
categories had the same subjective probability, thus only when learned items were

perceived as a distinct rare category -- that is recognized as having been learned
previously -- would they possess the ability to evoke a large P300.

Onset of amplitude differences between the ERPs for learned targets and learned
nontargets suggests that different processes might be responsible for the observed
effects. ERPs in response to words requiring an overt indication of recognition
started to differ from those in response to words requiring no overt indication of
recognition in the 200-350 msec (first test) or 350-500 msec (second and third
test) interval, which implies that the discrimination of words requiring a YES or
NO response has taken place prior to these intervals. In visual recognition tasks,
comparable divergence latencies are found [Friedman, 1990; Neville et al.,  1986;
Smith and Guster,   1993]. This apparently fast discriminating process  does  not
automatically imply that a correct word identification is possible without
additional processing. The sustained negativity, recorded for the words that
needed a NO-response, might be related to this additional processing. It might be
comparable with the Processing Negativity [Naattinen, 1982] or Search Negativity
[Okita  et  al., 1985] recorded  in  the  same time window in selective attention
paradigms. The shorter duration  of the negative component for the words  that
needed a YES-response might reflect the fact that these words could be identified
more quickly and required no additional processing. An alternative explanation
for the reduced negativity for recognized words could be that it resulted from an
overlap with the P300 elicited by these words as a consequence of its target
status.

In contrast with tile P300 for overtly recognized words, the positive shift
recorded for the learned nontarget words did not start until after the response was
given. This suggests that it presumably reflects post-decision processes. The late
appearance of the P300 might be associated with the character of the current
paradigm. Our subjects were confronted with words to which they initially had
to respond with YES and subsequently with NO. Consequently,  if in addition to
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the word itself, the associated response also was remembered [c.f., Bentin and
Peled,   1990], this would probably have caused a response conflict, which might
have been subject to post-decision evaluation. Furthermore, the occurrence of a
response conflict might also be responsible for the P300 amplitude and scalp
distribution differences between test 1 (no response conflict) and test 2 and 3
(presence of response conflict). Because  the  P300 for overtly recognized words
lasted until long after the response was given it might be assumed that post-
decision processes also affected this ERP component.

The ERP divergence between unlearned nontargets and learned nontargets was
smaller in the third test than in the second test, which might be the consequence
of a decline in tile strength of the memory trace. As is described earlier in studies
of Bentin and Moscovitch [1990] and Bentin et al. [1992], the size of the current
P300 was influenced by both the recency and the number of presentations of the
learned words. The sensitivity to the recency of learned nontargets was reflected
by the decrease in P300 size from the second to the third test, as can be revealed
from the mean interval amplitudes. In test 2 (administered 15 minutes after
learning the first study list), the P300 to words from study list 1 was significantly
larger than the P300 to unlearned words in the 650-800 msec and 800-950 msec
epochs. In contrast, in test 3 (administered 24 hours after learning the first study
list), the difference in P300 size was significant only for the 650-800 msec epoch.
The sensitivity to the number of presentations was reflected by the fact that in the
third test, words from the first study list, which were presented in two preceding
tests, elicited larger P300s than words from the second study list, which were
presented in only one preceding test. This holds, however, for the mean
amplitude in the 650-800 msec epoch but not for the P300 peak amplitude.
Assuming that a larger number of presentations induced a stronger memory trace
that, in turn, decays over time, it might be concluded that the recorded positivity
was sensitive to the strength of the memory trace. In addition, this interpretation
of the ERP data is in agreement with the recall performance since the words from
the most recent study list (List 3) could be recalled the best and the words from
the least repeated study  list  (List  2) the worst (see Table  6-2).

Conclusion
In conclusion, during an auditory word recognition task, learned words reliably
elicited larger P300s than unlearned words even when no overt indications of
recognition were required. A deception instruction appeared not to be a necessary
prerequisite to obtain these discriminating effects. After a one-day interval
between learning and testing, ERPs could still differentiate, although less
robustly, learned from unlearned words. These results support the notion  that
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ERPs  can  be  used as indirect measures of recognition memory.  For the clinical
practice, this might imply that with the help of ERP measures the presence of
information in long-term memory could be reliably assessed, perhaps even in
situations in which patients are unable to report information of which they might
have some knowledge.
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7

INFORMATION PROCESSING DURING CARDIAC
SURGERY: AN EVENT RELATED POTENTIAL STUDYI

7.1 Abstract

The aim of this study was to investigate whether information processing
persists during general anesthesia, and if so, to determine the relationship
between the degree of cognitive processing measured during anesthesia and the
presence or absence of intraoperative memories measured after anesthesia.
Subjects were twelve patients, undergoing cardiac surgery with
propofol/alfentanil anesthesia. During several periods of the operation, Event
Related Potentials (ERPs) to frequent and infrequent tones of different pitch
were analyzed. After the operation, a word recognition task with ERP
recording was administered to determine whether intraoperatively presented
words would elicit a (covert) recognition reaction in the brain. ERP waveforms
could be obtained during the intraoperative recording periods but differed
substantially from those in the awake state. The presence of ERP components
up to 500 msec after stimulus presentation suggests that auditory information
processing continued during anesthesia up to a certain level of cognition.
Intraoperative ERPs to frequent and infrequent tones were not different from
each other implying that differences in pitch could not be detected. The
postoperative results demonstrated evidence for intraoperative memories in
three patients. For two of these three patients, low propofol levels as well as
reliable ERPs with large amplitudes were found close to the moment of
information presentation.  The  results  emphasize the importance of combining intra-
and post-operative measurements and suggest that late ERP components might

be used as indicators of an increased risk of auditory perception.

1 Published in Electroencephalography and clinical Neurophysiology, 1995. 96. 433-
452, with N.A.M. de Beer, C.H.M. Brunia, P.J.M. Cluitmans, H.H.M. Korsten, G.
Tavilla and R. Grouls as co-authors.
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7.2 Introduction

Although general anesthesia is believed to produce loss of consciousness,
persistent claims have been made that intraoperative events sometimes are
perceived and registered by anesthetized patients. Only rarely can these events
be    recalled or recognized after recovery. Their presence in memory    has
nevertheless been demonstrated by hypnotic regression [Cheek, 1959;
Levinson, 1964] and experiments using implicit memory tests [for an
overview, see Kihlstrom and Schacter, 1990; Ghoneim and Block,   1992].
Recent studies have produced conflicting results, raising the question under
what specific circumstances positive evidence for intraoperative memories can
be found. Factors that may have contributed to the discrepancies among
studies are the use of different types of tests, target material, retrieval cues
and anesthetic techniques. Furthermore, it is plausible that outcomes depend
on the state of anesthesia during the moment of information presentation,
which, however, has not been taken into account in most studies. Therefore,
intra- and post-operative measurements were combined in the present study, in
order to determine the relationship between (i) the degree of cognitive
processing measured during anesthesia and (ii) the presence or absence of
intraoperative memories measured after anesthesia.

Event Related Potentials (ERPs) were used as experimental variables in the
intra- as well as post-operative measurements. ERPs reflect the electrical
activity of brain mechanisms involved with information transmission and
processing. They are obtained by averaging epochs of the scalp-recorded EEG
time-locked to an external event. ERPs can be classified into exogenous and
endogenous components. Exogenous components are largely determined by the
physical characteristics of the stimuli and are also known as sensory Evoked
Potentials (EPs). In contrast, endogenous components are relatively
independent of the physical stimulus parameters, being primarily sensitive to
task requirements, instructions, the psychological relevance of the stimulus and
the subjects' psychological state [Donchin et al.,  1978].

Intraoperative assessment of information processing
Several methods have been proposed to improve the assessment of the state of
anesthesia in respect to its possible relation to intraoperative information
processing. Initially, changes in various EEG parameters were studied, which,
however, frequently appeared to be not sensitive or specific enough [Mori,
1987;   Dwyer  et  al., 1994]. Currently,   it is suggested  that more information
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can be provided by recording brain responses to auditory stimuli, in particular
by the Auditory Steady State Response (ASSR) and the Auditory Evoked
Potential  (AEP).   The  ASSR  is a sustained sinusoidal evoked potential elicited
by repetitive auditory stimuli, usually presented at rates of 40 Hz. The ASSR
is attenuated or abolished during anesthesia. Its amplitude is hypothesized to
reflect the level of arousal or alermess [Plourde and Picton, 1990; Plourde and
Boylan, 1991]. Latency and amplitude   of the midlatency AEP components
were found to vary with anesthetic concentration [Jones, 1989; Thornton and
Newton, 1989; Cluitmans, 1990]. There  is some evidence  that Nb latencies

might be indicative of responsiveness, as was demonstrated in a small group
of subjects using the isolated arm technique [Thornton   et   al.,    1989].   So   far,
only Schwender and colleagues have reported possible relationships between

persistent memory functions and ASSR and AEP parameters [Schwender et
al., 1994a, 1994b].

The AEP midlatency components, that also form part of the ASSR, mark the
arrival of sensory information  at the primary auditory cortex. Because  this  is  a
very early stage in the chain of information processing it remains difficult to
establish the exact relationship between AEP or ASSR parameters and the
actual perception of a stimulus. It therefore would be of interest to study also
ERP deflections following the midlatency components, which are known to be
associated with the cognitive aspects of information processing. Their
occurrence reflects some level of perception, thus providing more direct
evidence for information processing during anesthesia.

"Nl",  with a peak latency  of 100 msec and a maximal amplitude at the vertex,
has been associated with early discrimination of incoming stimuli [Natit:inen
and   Mitchie, 1979]. Because its amplitude is controlled    by the physical
features of the stimuli as well as the subjects' attention [Naatanen and Picton,
1987], it exhibits both exogenous and endogenous ERP characteristics.   Nl   is
attenuated during sleep [Nielsen-Bohlman et  al., 1991; Campbell  et  al.,  1992]
and with sufentanil anesthesia [Plourde  et  al.,   1993].   It is abolished during
thiopental/isoflurane anesthesia [Plourde and Picton,    1991]. The following
"P2" covaries usually  with  Nl, but there  is also evidence for their dissociation
[Naadnen and Picton, 1987]. Increasing P2 amplitudes were found during
stage II sleep [Nielsen-Bohlman   et   at.,    1991] and during non-REM sleep
[Campbell   et  al.,   1992].   In the study of Nielsen-Bohlman  et  al.   [1991],   the
increased P2 appeared to be sensitive to stimulus probability, showing larger
amplitudes for infrequent tones. Variations in P2 due to anesthesia are not
described in previous literature. "P3", with a peak latency of 300 msec (range
250-600 msec) reflects the detection of stimulus deviance, which is considered

101



to   be an endogenous process. A typical paradigm for eliciting   a   P3   is   the
oddball paradigm, in which infrequent, physically deviant stimuli are presented
against a background of frequent, standard stimuli.      When no active
discrimination is asked from the subjects, the detection of the deviant stimuli
occurs automatically and is reflected by an early, fronto-central P3
subcomponent, labelled   as "P3a" [Squires   et   al.,    1975]. In contrast,   when
subjects have to pay attention to the series of stimuli and detect the deviant, a
broad centro-parietal P3, (or "P3b"), is usually elicited by it. The P3b is
believed to reflect controlled stimulus processing and target detection, ensuing
presumably conscious awareness  of that stimulus [Pritchard,  1981].

Sub-anesthetic concentrations (up to 40% inspired) of nitrous oxide (N2O)
have been found to increase P3 latency [Fowler  et  al.,   1988]   and to decrease
P3 amplitude [Fenwick  et  al.,   1979]  in a dose-dependent manner. At higher
concentrations of N2O (up to end-tidal concentrations of 60%) Jessop et al.
[1991] did report the occurrence of a P3 in half of their normal volunteers
although subjects were no longer able to push a button in response to deviant
stimuli. In patients anesthetized with isofturane, a P3 could not be recorded
during surgery and emergence [Plourde and Picton, 1991] whereas in patients
undergoing cardiac surgery with sufentanil anesthesia a small P3a could be
recorded after tracheal intubation and before cardiopulmonary bypass [Plourde
at  al., 1993]. These results suggest that changes within a stimulus sequence
were still registered during some periods of the operation, which, according to
the authors, may have signaled a return of at least partial consciousness.
However, no consistent relationships were found between intraoperatively
recorded  P3s and performances on postoperative memory tests.

Postoperative assessment of intraoperative memories
Memory for intraoperatively presented information is usually determined by
means of implicit memory tests. In contrast to explicit memory tests, these
tests do not require an explicit or conscious reference to a prior study episode
but instead assess memory by measuring beneficial effects of recent
experiences on subsequent task performances, i.e., reaction time facilitation,
increased accuracy, or preference    of a response [Schacter,     1987].     For
example, Roorda-Hrdlickova et al. [1990] showed that patients who were
given four target words during anesthesia were more inclined to generate these
words as category exemplars than patients who were given seaside sounds. A
disadvantage of these types of tests is that they allow only inferences about
differences between mean group results, discarding individual variance.
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The utility of psychophysiological indices as indirect measures of preserved or
covert memories has been demonstrated in several studies [Bauer, 1984;
Renault   et   al., 1989; Farwell and Donchin, 1991; Allen   et   al.,    1992].   In
contrast to traditional behavioral measures, psychophysiological indices may
provide information about the mechanisms which might underlie the obtained
effects and can be more easily adapted to individual assessment procedures
such   as the bootstrap technique [Wasserman and Bockenholt,    1989].   In   a
preliminary study with healthy normals [Van Hooff  et   al.,   1996]   it   was
demonstrated that a Late Positivity (LP), possibly related to P3, was reliably
elicited by learned words even when these did not require an overt indication
of   recognition (see Chapter   6). This observation supported the notion   that
during a certain period of time once-learned words maintain the ability to
provoke a recognition reaction in the brain independently of overt behavioral
responses. In a similar fashion to this study, postoperatively recorded ERPs to
different sets of items might be used to ascertain whether there exists ERP
evidence of memory without awareness. By comparing the ERP waveforms to
learned, novel and intraoperatively presented words, it would be possible to
determine whether those latter ERP responses are more similar to ERPs to
overtly recognized words (preoperatively learned), or more similar to ERPs to
novel words. In the first case, memories for the words presented during
anesthesia would be demonstrated whereas in the second case, intraoperative
memories would not be confirmed. In addition, because partial intact
memories would produce response conflicts, intraoperatively presented words
might cause longer reaction times (RTs) and more "accidental" recognition
responses relative to novel words.

The current experiment
To examine the degree of cognitive processing during anesthesia, ERP
changes were investigated in patients undergoing cardiac surgery with
propofol/alfentanil anesthesia. Oddball tasks were presented before and during
several periods of the operation. After the operation, a word recognition task
with ERP recording was administered to investigate whether intraoperatively
presented words would provoke a (covert) recognition reaction. Through the
use  of a Bootstrap procedure (described later), inferences could  be  made  for
each individual patient.

Because a main objective of anesthesia is the prevention of consciousness and
the accomplishment of amnesia, it should be noticed that the likelihood of
finding positive evidence for intraoperative memories is presumed to be small.
It was expected that if patients had some memory for intraoperatively
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presented words, this would be visible in the postoperative recognition test as
(a) more accidental recognition responses, (b) longer RTs, and (c) more
positive- going ERPs, for the intraoperatively presented words than for the
novel words. In patients showing positive evidence for intraoperative
memories, cognitive processing during anesthesia should be indicated by the
presence of late ERP components recorded during the oddball tasks
administered close to the moment of information presentation. In general, late
ERP components were expected to decrease in amplitude, possibly to near
baseline levels, and increase in latency during anesthesia. Because the degree
of cognitive processing might be related to propofol and alfentanil plasma
levels, these were expected to be lowest in situations in which information
processing was detected. At first, results were collected from only a small
group of patients to investigate whether our goals were properly set and our
methodology was well chosen.

7.3 Method

Subjects
The    project was approved    by the local Medical Ethics Committee. Twelve
patients (two females) scheduled for cardiac surgery participated in the
experiment after giving their informed consent. Their age ranged from 44 to
74    years    (mean    61.9).     None    of the patients reported severe hearing
difficulties. Main patient characteristics are summarized in Table 7- 1. Because
"anxiety" may increase the possibility of intraoperative awareness, pre-
operative anxiety scores were obtained the morning of the operation day by
means of the Dutch variant of the state-version of the Spielberger State-Trait
Anxiety Inventory. To obtain results that would be comparable with those
from earlier studies using category association tasks [e.g., Roorda-Hrdlickova
et  al., 1990], patients were assigned alternately  to two separate groups  (A  and
B). The different groups received different lists of words. There were no
significant group differences with respect to sex, weight and anxiety scores.
Patients from group B were somewhat older than those from group A
(t= 1.98, df=10, p=.076). The duration of operation (t=2.36, df= 5.45,
p=.061) and cardio-pulmonary bypass (CPB) (t=2.37, df=10, p<.05) was
longer for group A than for group B.
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Table 1-t.  Summary of patient characteristics.

patient group sex age weight anxiety type of duration of duration of

no. (kg) score operation operation CPB

1          A         m          62         70 47 CABG-IV 2 hr 59 1 hr 7

2          B         m          71          62 37 CABG-I 2 hr 37 0 hr 27

3          A         m          71          72 23 CABG-IIl 3 hr 45 1  hr  12

4          B         m          74         77 24 CABG-III 2 hr 40 1 hr 8

5          A m 44         87 39 CABG-III 4 hr 37 2 hr 1

6          B         m          69         90 41 CABG-III 2 hr 57 1  hr  11

7          A         m          58         84 45 CABG-III 3 hr 42 1  hr  18

8          B         f           65         72 46 CABG-III 2 hr 40 1 hr 0

9          A         f           56         56         30 AVR 2 hr 41 1 hr 31

10         B         m          61          90 26 CABG-II 2 hr 56 1  hr  10

11          A         m          56         80 40 CABG-11 3 hr 05 1  hr 22

12         B         m          56         90 40 CABG-Il 2 hr 51 1 hr 6

Group A 57.8 74.8 37.3 3 hr 28 1  hr 25

Group B 66.0 80.2 35.7 2 hr 46 1 hr

Note. CABG: Coronary-artery bypass grafting; AVR: Aortic valve replacement; CPB:
Cardiopulmonary bypass.

Anesthetic technique
The anesthetic protocol was highly standardized. Premedication was morphine
sub-cutaneous 10 mg for all patients with the exception of patient no. 11 who
received lorazepam 1 mg. Propofol and alfentanil were intravenously
administered to induce and maintain general anesthesia. Doses were adjusted
on the basis of bodyweight according  to the outline of Table 7-2. After  loss  of
responsiveness and at the start of CPB, pancuronium 8 mg and cephazolin
1000 mg were given. The lungs were mechanically ventilated to maintain an
end-tidal partial pressure of C02 of 4 kPa. Increases in bloodpressure were
obviated with nitroglycerine or ketensine. Decreases in bloodpressure  were
opposed with administration of intravenous fluids, calcium, ephedrine or other
inotropics together with reduced doses of propofol and alfentanil. Selokene

was given when heart rate was above 90 beats per minute. ECG, arterial
blood pressure, ventilation parameters, end-tidal C02 tension. 02 saturation
and rectal temperature were continuously monitored.
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Table 74: Standardized Propofol and Agentanil doses.

Period Propofol Alfentanil

First 12 minutes 2 mg/kg 100 Bg/kg
Next 10 minutes 8 mg/kg/hr 4 Bg/kg/min
Next 10 minutes 6 mg/kg/hr 3 Bg/kg/min
Till end of surgery 4 mg/kg/hr 2 Bg/kg/min

At seven fixed moments during anesthesia, bloodsamples were taken for
analysis of propofol and alfentanil plasma levels. The first bloodsample  was
taken shortly after the start of propofol and alfentanil infusion (time = 6 min),
followed after 6 minutes (time = 12 min) by the second sample. Other
samples were taken directly after sternotomy, approximately 30 minutes after
first incision, at the start and end of CPB and at the end of the operation.
Dependent on the duration of the operation, additional samples were taken
close to ERP recordings.

Physiological recording
The Electroencephalogram (EEG) was recorded using non-polarizing Ag-AgC1
electrodes at Fz, Cz, Pz and two lateral positions located midway between T3-
C3 (C5) and T4-C4 (C6), approximately over the temporal auditory projection
areas. Linked pre-auricular points served as reference. Inter-electrode
impedance was less than 3 kOhm. To monitor eye-movements during pre- and
post-operative measurements, EOG was recorded by three pairs of electrodes,
two pairs for vertical movements (supra and infra orbital ridges of each eye)
and   one   pair for horizontal movements   (at the outer canthi).   EEG   and   EOG
signals were amplified and written out on paper using a 14-channel Nihon
Kohden electroencephalograph (time constant 6.6 s, lowpass filter -3 dB cut-
off   at   35    Hz). The amplified signals were digitized on-line   with   a   sample
frequency of 125 Hz (resolution 12 bit). An IBM-type 486 Personal Computer
provided with a LabMaster AD/DA converter was used for stimulus
presentation, experimental control and data acquisition.
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Stimuli

Oddball task
Tones produced by 100 msec bursts of a digitally stored sine wave (70 dB
SPL, rise/fall times 10 msec) were presented binaurally via insert headphones

(Nicolet Tip-10) before and during the operation. During the operation the
oddball   task was presented   four   or five times. The interstimulus interval   (ISI)
was 1044 msec. Eighty percent of the stimuli were "standard" 1000 Hz tones,
twenty percent were "deviant" 2000 Hz tones. In the pre-operative period, a
total of 200 stimuli were presented. During surgery, 400 to 600 stimuli were
presented because of a poorer signal-to-noise ratio.

Memory task
Spoken words were presented via headphones at a comfortable listening level

(approximately  60  dB). The words were spoken  by a native male speaker   of
Dutch and recorded  on a digital audio tape. Before storage (sample frequency
20 KHz, 12 bit resolution), each word was examined, and when necessary
amplified, using a speech editor. All words were one-syllable nouns beginning
and ending with a consonant and comparable in duration (mean duration 494
msec, SD 1 67), intensity and occurrence-frequency in the Dutch language
(see  Table  7-3). The words were divided  into 13 different semantic categories
with five words in each category. All categories contained three, four and five
or six letter words of which at least four had different vowels or pairs of
vowels. Stimulus Onset Asynchronies (SOA) varied between 1850 msec and
2300 msec. To obtain a sufficient number of trials for a proper signal-to-noise
ratio, the pre-operative test consisted of ten blocks with different pseudo-
random word orders. The post-operative test consisted of at least four and
maximal eight blocks. To prevent possible influences  of an orienting response
at the beginning Of the test-blocks, each block began with two out of six non-
relevant words, which were discarded from further analysis. In all blocks,
each word was presented only once.

Procedure

Figure 7-1 shows the outline according to which the different tasks were
administered, the intraoperative information was presented and the
bloodsamples were taken. For some patients this design was slightly adapted
because of external disturbances during the original recording or longer
operation.
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Table 1-3: Overview of the presented word categories to group A and B, and the
mean duration and occurrence-frequency of the constituting words.

Duration Occurrence- Pre-test Post-test
Category (msec) frequency  A B A B

1. Animals 522 17-3   X     X 0
2. Kitchen utensils 474 29-7   X     X 0
3.     Forms of transportation 484 46-11       X             X  0
4. Furniture 458 42-6    X   O X
5. Food 500 12-9    X   O X
6. Weather elements 526 22-2    X   O X
7.   Parts of the body 425 53-5 0 0
8. Clothing 505 14-3 O O
9. Materials 553 17-6 0 0
10. Landscape elements 516 30-5 0 0
11.   Means for storage 476 20-5 0 0
12. Green 494 43-5 0 0
13.  Parts  of the house 489 59-9 0 0

Note. X are the pre-operatively learned or intra-operatively presented categories, 0 are the
novel categories.   For each patient individually this means  that  for the pre-operative  test  (s)he
had  learned five words  from  one  of the three (X) marked categories.     For the post-operative
test this means that (s)he had learned five words from one of the three (X) marked
categories and that (s)he had received intra-operatively the ten words from two of the three
(X) marked categories (2 x 5). The mean occurrence frequency is copied from a frequency-
list composed by Uit den Boogaart (1975). The first number indicates the mean frequency in
written Dutch based upon counting of 600.000 words from five different types of printed
language. The second number indicates the mean frequency of spoken Dutch with an extent
of approximately 120.000 words.

Oddball task
Baseline recordings were acquired the morning of surgery before the patients
were premedicated. Sitting in a wheelchair, they were asked to relax as much
as possible and to ignore the tones. During anesthesia, recordings were
obtained during the following periods: before CPB (approximately 30 minutes
after first incision), at the start and end of CPB and about 10 minutes after
CPB. In case of a longer operation, intermediate recording periods were
added. The exact period of recording was dependent   on the absence   of
disturbances due to diathermy or the bypass pump. The total duration of one
ERP recording period varied  from  four to eighteen minutes.
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Figure 7-1: Schematic representation according to which the recognition and oddball
tasks were administered, the lists of words were presented and the bloodsamples  (Sl
to Sh were taken. When it was not possible to administer the oddball task before
presentation   of   List   2   and/or   List   3,    this   was   done   after   presentation    of   these   lists
(indicated   by   optional   oddball).   In   case   of  a   long   operation   an   extra   oddball   task

was  administered during cardiopulmonary  bypass.

Memory tasks
Two  types of memory tasks were administered: A category association  task
and a recognition task composed of a pre- and post-operative part. These tasks
made  use  of  the same stimulus material and presentation procedure.   Be fore  the
operation, following the baseline oddball task, group   A   (N = 6)   had to learn
five  words  of  one  of the three word categories "animals", "kitchen utensils"
and   "forms of transportation" and group  B   (N =6) five words  of  one  of  the
three word categories "furniture",    "food" and "weather-elements"   (List   1).
The remaining two categories were presented to the patients twenty times
during two separate operation periods.   One   list was presented  at the start   (List
2) and one at the end (List 3) of CPB. Within each group, the order of the
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three categories to be learned or intra-operatively presented were
counterbalanced between subjects.

The category association task. The patients were tested the morning after their
operation when they had fully regained consciousness and were able to
communicate. They were tested in a quiet separate recovery box on the
Intensive Care Unit. In a standardized interview they were asked whether they
had any recall of intra-operative events.    Next, the patients were invited    to
name three exemplars that first came to mind from the three categories
presented to group A and B respectively and the three control categories "parts
of the body", "clothing" and "materials". Priming effects, i.e., generating  pre-
and intra-operatively presented words as exemplars, would demonstrate
presence of implicit memory.

The recognition task. Before and after the operation a word-recognition task
with EEG recording was administered. Table 7-3 presents an overview of the
categories used in pre- and post-operative recognition tests. To make it more
probable that learned or intraoperatively presented items would elicit a P3-like
component, the tests were constructed such that learned and intraoperatively
presented words appeared less frequently than novel words (cf. Oddball  task).
During these tests, patients held two small tubes in each hand. A push button
was attached to the top of the tube. The "Yes" response was made with the
thumb  of the dominant  hand  and   the   " No" response  with the thumb  of  the  non-
dominant hand. Patients were informed to make the responses as fast as
possible following stimulus presentation.

The pre-operative part: Patients were instructed to learn five auditorily
presented words. The words were repeated until the patients could produce  the
list of words in the order presented and in the reverse order. In the next
recognition test, the words of the learned category were presented pseudo-
randomly among words  from the categories "landscape-elements", "means  for
storage", "green" and "parts  of the house". The patients'   task  was  to  give  a
Yes-response when they recognized the presented word as one of the words
they had learned and a No-response when not. The test was administered in
ten  blocks with different word orders.   The  aim  of  this  test  was:   (1) to acquaint
patients with the stimulus presentation and response format; (2) to teach
patients a list of words which after the operation would be used to test
recognition; and (3) to obtain a baseline measurement for overt recognition in
alert state.
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The post-operative part: After the category association task and a short
recovery period, a recognition task was administered in which the words of
the pre- and intra-operative lists were presented pseudo-randomly among
words   from six novel categories (see Table   7-3).    The   test was repeated   as
often as possible with a maximum of eight times, depending on the patients'
condition. The following instructions were given to the patients:

"As was the case before your operation, you will now hear several series of words.
In these series, 30 new words wil be presented intennixed with the 5 words that you
had learned before your operation and 10 words which we have presented to you
during your operation. Do you still know the words that you had learned before your
operation? Try to name them.
In the following test you have to press the button "YES" when you know that you had
learned the presented word or when it seems, for whatever reason, very familiar to
you,   othenvise  you  have  to  press  the  button  "NO".  Do  not  guess  and  try  to  respond
as accurately  and fast as possible."

Data analysis

°ddbantask
Pre-operatively recorded EEG signals were corrected for eye-movements
before averaging, using the method  of  van den Berg-Lenssen  et  al.   [1989].
EEG trials contaminated by muscle activity, drift or other artifacts were
automatically rejected (spikes    > 80 BV, drift    >50   BV/1.5 sec). Rejection
criteria for intraoperatively recorded EEG trials were less stringent because

electroencephalic changes caused by the anesthetic agents would have caused
excessive rejection (spikes  > 100 BV, drift  > 140 BV/1.5  sec). The accepted
EEG signals were averaged for each channel time-locked to the onset of the
stimuli. ERP waveforms were obtained for standard and deviant tones
separately. The 200 msec epoch preceding tone-onset was used for baseline
correction.

ERP components were defined as indicated in Table 7-4. Time-windows were
selected  such  that they enclose the distinguishable peaks  in the grand averages.

Amplitudes were measured relative   to the baseline. Mean amplitudes  were
calculated by averaging the amplitude    in the defined time-windows.    Mean

amplitudes were determined because ERP components were frequently not
recognizable as prominent peaks in the intraoperative waveforms, with the
exception of Pl  in the recording period before CPB.
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For the preoperative recordings, peak amplitudes were defined as the most
positive  (P 1,  P3) or negative  (N 1)  peak  in the specified time-windows.   Mean
amplitudes  for  Nl,  P2  and  P3 were calculated  from the 50-150 msec, 160-310
msec and 280-480 msec time-windows respectively. The P 1 was too small to
determine a mean amplitude. For the first intraoperative recording period
(before CPB), the Pl peak amplitude was defined as the most positive peak in
the 0-120 msec interval. For all intraoperative recordings, mean amplitudes
were calculated for the 20-100 msec, 125-225 msec and 300-450 msec time-
windows. They were labelled "P70", "N175" and "P375" respectively, in
correspondence with their (relative) polarity and time-window mid-point.
These labels were chosen to avoid a mixup with the well defined components
visible in the preoperative waveforms. The mean amplitude in the 125-225
msec time-window did not reach a negative amplitude relative to the pre-
stimulus baseline but it is nevertheless defined as a negativity in order to
distinguish it from its surrounding peaks that point to the reverse (positive)
direction.

To determine differences between  ERPs to frequent and infrequent stimuli,
separate MANOVAs were carried out for each recording period and each
defined ERP component. Within subjects factors were Probability (Frequent
versus Infrequent stimuli) and Electrode-position (Fz, Cz, Pz) for the ERPs
recorded from the midline electrodes, and Probability and Hemisphere (Left
versus Right) for the ERPs recorded from the lateral electrodesi. To examine
ERP differences between recording periods, MANOVAs were carried out with
Recording-period and Electrode-position (midline electrodes), and Recording-
period and Hemisphere (lateral electrodes) as within subjects factors. Because
of a better signal-to-noise ratio these differences were only determined for the
ERPs to frequent stimuli. The pre- and intra-operatively recorded ERPs
differed considerably from each other making comparisons between all
recording periods complicated. Therefore, two classes of MANOVAs were
carried out, analyzing (1) differences between ERP components recorded
before the operation and before   CPB   (P 1   peak,   N 1-N 175 mean, P2-P375
mean),    and    (2) ERP differences between   the four intraoperative recording
periods (P70, N175, P375). When main effects were found these were
supplemented with Bonferonni corrected pairwise comparisons. Because   the
measures for Nl-N175 and P2-P375 were obtained at different latencies, these

comparisons are not entirely without question (see further discussion). They

2 An accurate assessment of hemisphere differences requires more than 2 lateral
electrode positions. So, strictly speaking, hemisphere differences in this study refer to
differences between ERPs recorded at (5 and (6.
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were nevertheless analyzed in order to provide quantitative supported
descriptions.

Table 1-4:  Peak and mean amplitudes as defined for the distinguishable peaks in the
different Recording periods and the (MANOVA) analysis which were carried out for
these measures.

(a)             (b)             (c)

Component Interval (msec) Frequent vs Baseline vs Between intra-
Infrequent Before CPB operative  rec.

Baseline
Pl peak max 0-120       *        *
N 1 peak min 50-150      *
N 1 mean mean 50-150            *
P2 mean mean 160-310        *            *
P3 peak max 280-480     *
P3 mean mean 300-480          *

Intraoperative
Pl peak max 0-120'               *
P70 mean mean 20-120            *                                 *
N175 mean mean 125-225        *
P375 mean mean 300-450          *               *

Note. Peak amplitudes were defined  as the maximal  (Pl,P3) or minimal (Nl) amplitude  in
the indicated intervals. Mean amplitudes were calculated by averaging the amplitude in the
indicated time-windows. The time-windows were chosen On the basis of the grand averages.

Comparisons (MANOVA analysis) executed   for each measure are indicated   by   *.    (a)   For
each recording period and each defined component, amplitude differences were examined
between ERPs to frequent and infrequent tones. (b) For three defined components (Pl peak,
Nl-N175 mean, and P2-P375 mean), amplitude and topography differences were analyzed
between recordings obtained before the operation and before CPB. (c) For three measures
(P70   mean,    N 175   mean,    and   P375 mean) differences between the distinct intraoperative
recordings were analyzed. CPB= Cardiopulmonary bypass,  vs = versus.
' The Pl peak was only determined for the recording period before CPB.

Memory tasks
For the category-association task, generated exemplars corresponding with one
of the learned or presented words were scored   as    'Hits'. To determine
whether the two groups differed in the number of 'Hits' for the categories
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presented to group A, the categories presented to group B and the control
categories, t-tests were carried out.

For   the   pre- and post-operative recognition tests,    mean   RTs were calculated
for the words   of  List   1   to   3   and the novel words   (List 0). Responses faster
than 250 msec after word-onset were considered to be guesses and were
therefore excluded from statistical analysis. Correct and incorrect responses
were both included because we were primarily interested in covert aspects of
the responses. In addition, in the postoperative part of the test "Hits" and
"False Alarms" were difficult to define: Yes-responses upon intraoperatively
presented words can be interpreted either as Hits or False Alarms, depending
on whether memory is present or not. MANOVAs were carried out for each
test with List as within subjects factor.

Eye-movement-corrected EEG signals were averaged for each channel time-
locked to the onset of the words. The total length of the averaging epoch was
2   s   extending   from   500 msec preceding word-onset   to   1500 msec following
word-onset. The 200 msec epoch before stimulus presentation was used for
baseline correction. ERP waveforms were obtained for each learned or
presented list separately; those for the novel words were averaged together
(List 0). Trials with correct  as   well as incorrect responses were included  into
these averages.   The  LP peak amplitude was defined  as  the most positive  peak
in the 500-1000 msec interval. To capture differences in ERP waveforms and
to preserve compatibility    with our preliminary study [van Hooff   et    al.,
submitted] mean amplitudes were calculated  for five consecutive epochs  of  150
msec each, starting 200 msec after word onset. LP peak and mean interval
amplitudes for the midline electrode positions were used as dependent
variables in statistical analysis. MANOVAs  with  List and Electrode position  as
within subject factors were carried out, supplemented with pairwise
comparisons.

Individual analysis: The Bootstrap-procedure
To assess covert recognition for intraoperatively presented words for each
patient, a decision strategy was formulated based on the Bootstrap-procedure.
The Bootstrap, introduced by Efron [1979] and applied to ERP data by
Farwell and Donchin [1991], allows to approximate distributions necessary  for
statistical inference  [see also, Wasserman and Bockenholt,   1989]. It involves
drawing repeated samples with replacement from an empirical data-set
(currently the individual EEG trials) and then building up a distribution for a
chosen statistic by calculating the value  of that statistic  for each sample.   In  this
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study, correlations and amplitude differences were used as relevant statistics to
obtain measures of similarity and deviance [c.f., Rosenfeld  et  al.,   1991].  The
conclusion that implicit memory is present could be drawn when the ERPs to
intraoperatively presented words were comparable with those of the
preoperatively learned words (similarity) and different from those to novel
words (deviance). In our preliminary study [van Hooff et al. in preparation]
ERP differences between learned and unlearned words were mainly apparent
for the Late Positivity (LP), recorded in the 500-1000 msec post-stimulus
interval. For this reason, only this component was quantified.

For each subject the bootstrap proceeded in three steps.    Step 1 Twenty-four
smoothed single EEG trials in the 380-1380 msec post-stimulus time-window
were randomly selected with replacement from each of the three presented
lists  and the novel words  (four  from each novel category).  The 24 trials  were
then   averaged   for each word-list separately. This resulted   in four separate
ERPs:   one  to  List   1 (preoperatively learned words),   one  to   List 2 (words
presented at the start of CPB), one to List 3 (words presented at the end of
CPB)  and  one  to  List 0 (novel words).   Step 2: Correlation coefficients  and  LP
peak amplitude differences were calculated for the composed ERPs of List 1
and 2,  and List  1  and 3 to assess whether they were comparable  (r  > .5,
Amplitude difference =0) and of List 2 and 0, and List 3 and 0 to assess

whether   they were deviant   (r 5.5, Amplitude difference    > 0).   Step   3:
Calculation of the mean and standard deviation of the bootstrap distribution
after 1000 repetitions of step 1 and 2, so that confidence intervals could be set
up.  Depending on whether  or  not the critical values  fell in these confidence
intervals, a diagnose for intra-operative memories could be made.

Before the bootstrap procedure was carried out, the following decision rule
had to be satisfied. LPs to each post-operatively presented category were
ranked from minimal to maximal amplitude. LP amplitudes   for the presented
categories had to have the highest rankorder. This rule was included into the
decision procedure because latency-jitter could have caused an amplitude
diminution of ERPs to List 0, consisting of six distinct novel categories and
therefore of six times as many trials.

In summary, to determine whether a patient had any memory for intra-
operatively presented information the following conditions had to be met: (1)
Rankordering: The presented categories  must  have the largest LP amplitudes.
(2) Bootstrap correlation: Mean correlation coefficients for LPs to List 1 and 2
and/or  List  1  and  List  1  and  3  must  be  > 0.5 (Similarity). (3) Bootstrap  LP
amplitude difference: A significant LP amplitude difference must be present
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between  List  2  and 0 and/or   List  3   and  0,   i.e., no amplitude differences
( = zero)  outside  the  85 % confidence interval (Deviance).

7.4 Results

Oddball
Grand average waveforms are shown in Figure  7-2.   They are composed  of
different numbers of individual ERPs because reliable data could not always
be obtained for all patients. The ERPs obtained during CPB are rather noisy
because of interference of the bypass pump. Six individual examples are
shown in Figure   7-3.   Only   the   ERPs to frequent stimuli are shown because
they had a better signal-to-noise ratio than those to infrequent stimuli and
because they were not significantly different from each other. As can be seen
in Figure 7-3, the presence of ERP waveforms seems to be dependent both on
recording period  as  well as individual patients.

ERP waveforms could still be obtained during anesthesia but differed
substantially from those in the awake state. ERP waveforms were most
prominently present   in the period before   CPB, in which they could   be
observed for 10 out of 12 patients. Compared to the preoperative waveforms,
the intraoperatively recorded ERPs were more positive going. They were
characterized by an enlarged Pl component, followed by a negativity of small
amplitude   and a large positivity around    375    msec post stimulus.    The   N 1,
typical for the preoperative recordings, seems to have disappeared almost
entirely during anesthesia. Stimulus probability seems to affect only slightly
the late positive  wave in three intraoperative recording periods.

Figure  1 -2,   Grand   average   ERP   waveforms   to  frequent    (solid   line)   and   infrequent
tones     (dotted     line),     recorded    from    the     three     midline     electrode     positions     during
oddball   tasks   administered   (a)    the   morning   of   the   operation   day,    (b)    before

Cardiopulmonary   Bypass   (CPB),    approximately   30  minutes  after  first   incision,   (c)   at
the start of CPB,  (d) at the end of CPB and (e) approximately  10 minutes after CPB.
The 200 msec epoch preceding tone-onset  (0.0 sec)  was  used for baseline correction.
For the intraoperative recordings. the mean recording-time for one ERP was 11
minutes   (range:   4-18)   and   the  mean  number   of  trials   constituting   the   individual   ERPs
was   330   (range:    159-454)   and   83    (range:   40-114)   for   the   frequent   and   infrequent

stimuti   respectively.
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The variation in ERP waveforms made it difficult to compare the
distinguishable peaks and hindered the definition of components.   For   the
moment, we assume that the intraoperatively recorded negativity in the 100-
250 latency range corresponds  with  N 1   and the following positivity (latency
range 300-450   msec)   with   P2. This assumption is primarily based   upon   the
sequence of peaks and previously described effects of sleep and anesthesia,
i.e.,   delay of components, enlargement of positive components   and   N 1
diminution [Paavilainen   et   al., 1987; Campbell   et   al., 1992; Plourde   et   al.,
1993]. The identity  of the components is discussed further  in this section.

Scalp distribution and effects of stimulus probability
Separate MANOVAs were carried out for each recording period to examine
effects of Stimulus probability, Electrode-position (midline electrodes)   and
Hemisphere (lateral electrodes). Table 7-5 indicates the significant Electrode-
position effects obtained from these analyses per recording period.
Pre-operatively recorded   ERPs   of   11   patients were analyzed.   ERPs   of  one
patient were omitted because he fell asleep during the recording period. Clear
Pl  and Nl components could be observed  in  the  ERPs  to  both the frequent
and infrequent tones. Stimulus probability  did not affect the peak and/or mean
amplitudes  of Pl,  Nl,  and  P2.  P 1 was larger  over the right  than over  the  left
hemisphere (F(1,10)=16.88, p<.01). Nl was larger over the central and
frontal than parietal sites (Peak: F(2,9)=24.36, p<.001; Mean: F(2,9)=8.83,
p <.01).   For  P2, no significant effects of Electrode-position or Hemisphere
were found. A positivity ("P3") around 400 msec was observed only for the
ERPs to infrequent tones.   This P3 response was largest  at  the Cz electrode
position and had larger peak amplitudes for infrequent than for frequent tones

(Midline: (F(1,10)=7.13, p<.05); Lateral: (F(1,10)=6.63, p<.05). This
difference was present as a trend for the mean amplitude (Midline:
F(1,10)=3.83, p=.079).

Figure 1-3:  Individual ERP waveforms to frequent tones recorded from Cz during  the
oddball tasks before and during different periods of the operation. Tone-onset was at
0.0 sec. On top, three patients with clear and large intra-operatively recorded ERP
waveforms: below, three patients with less clear and/or small intra-operatively
recorded ERPs.
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ODDBALL:  INDIVIDUAL EXAMPLES (Cz)
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Table 7-5:  Electrode-position effects as  determined for the  different defined  measures
in the distinct recording periods.

Baseline Before CPB Start CPB End CPB After CPB
(N=11) (N = 10) (N=11) (N=9) (N=11)

P 1 peak ns ns              X                X                X

P70 mean          x ns overall p< .050 overall p < .010 ns

Cz>Pzp<.010 Cz>Pzp=.036

N 1 peak overall p<.001             x                             x                              x                               x
Fz>Pzp<.001
CZ>PZP<.001

N 1 mean/ overall p <.010 ns overall p < .050 overall p < .010 ns

N 175 mean'  Fz > Pz p < .010 Cz>Fzp<.017 Pz>Czp<.017
CZ>PZP<.010 Pz>Fzp<.010

Pz>Czp<.017

P2 mean/ ns overall p <.050 overall p < .010 overall p <.010 overall p <.010
P375 mean' Cz>Pzp<.017 Cz>Pzp<.010 Cz>Pzp<.017 Cz>Pzp<.017

Fz>Pzp<.010

P3 peak overall p< .050            x                             x                              x                               x
Cz>Fzp<.017

P3 mean          ns              x               x                x                x

Note. When significant overall Electrode-position effects  (p < .050) were found, pairwise
comparisons were executed with a significance level set on .017 (Bonferonni correction:
a =.050/3).  x: not calculated,  ns: not significant;   > : more positive  for  Pl,  P70,  P2,  P3  and
P375,   >  : more negative (less positive)  for  N l  and  N 1 7 5
'  Mean  amplitudes  for   N l   and   P2 were determined   for the preoperative recordings,   it   was
hypothesized that they may correspond with the intraoperative N175 and P375 respectively.

In each intraoperative recording period, P70 and 3175 mean amplitudes were
not significantly different for frequent and infrequent stimuli. P70 was larger
over the right  than  the left hemisphere  (p < .01)  in all recording periods.  At
the start (F(2,9)=6.60, p<.05) and end (F(2,7)=17.28, p<.01) of CPB, an
Electrode-position effect was present, revealing that P70 was larger at Cz than
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at Pz. For the N 175 mean amplitude significant Electrode-position effects were
found also at the start (F(2,9)=5.85, p< .05) and end (F(2,7)=12.16, p< .01)
of CPB. During these periods, N 175 was less positive (relatively more
negative) at Pz than at Fz and Cz. The following positivity (P375) had a
central maximum  (p < .05)  and was present  in  the  ERPs  to both frequent  and

infrequent stimuli. Although this positivity appeared to be somewhat larger for
infrequent than frequent stimuli in all but the third intraoperative recording

period  (end CPB),  this did not reach significance.

Differences between ERPs recorded before the operation and before CPB
Differences between ERP components recorded before the operation and
before  CPB were analyzed  for  the  Pl  peak,   the  N l-N175   mean  and  the  P2-
P375  mean  (N = 10). Averaged values of these variables are indicated in Table
7-6. The Pl recorded before CPB had a longer peak latency (Midline:
F(1,9)=35.44, p<.001; Lateral: F(1,9)=58.67, p<.001) and a larger
amplitude (Midline: F(1,9)=3.70, p=.087) than the P 1 recorded before the
operation.   The  Pl   had a central dominance  (F(2,8) =4.35,  p=.053;   Cz> Pz,
p < .017)  and was largest  over the right hemisphere  (F(1,9)=62.10,  p < .001).
A marginal Hemisphere x Recording-period interaction    (F(1,9)=4.44,
p=.064) revealed that the hemisphere difference was larger for the intra- than
the pre-operatively recorded Pl component.

The  N l mean amplitude  of the preoperative recording was calculated  from  the
50-150 msec time-window, whereas the N 175 mean amplitude of the
intraoperative recording period was calculated from the 125-225 msec time-
window. Because the N175 had a small amplitude, it was difficult to untangle
this  negativity  from its surrounding positive peaks.   If  N 175  can be considered
to parallel N 1,  the N 1 was significantly attenuated during anesthesia (Midline:
F(1,9)=52,38, p<.001; Lateral: F(1,9)=51.11, p<.001). A Recording-
period x Electrode-position interaction was found    (F(2,8) =7.02,   p < .05),
revealing that the fronto-central dominance observed before the operation was
no longer present in the intraoperative recording period. However, McCarthy
and Wood [1985] have argued that interactions of experimental factors with
electrode-position may be ambiguous and can result solely from a change in
source strength. To test whether the Recording period x Electrode-position
interaction did reflect true topography differences, the data were normalized
by dividing the obtained amplitude measures by the square root of their sum of
squares. New MANOVAs were computed for the normalized data. Because
the Recording period x Electrode-position interaction remained significant
(F(2,8) =7.44,  p < .05),   it was evident that there  were true differences  in  N 1
and    N 175 scalp distributions.    N 1    and    N175    were more negative    (or    less
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positive)      over     the     left      than      over the right hemisphere      (F(1,9) -23.49,
p < .001). This Hemisphere difference was prominently present    in    the
intraoperative recordings whereas it was almost absent in the preoperative
recordings (Recording-period x Hemisphere interaction:     F(1,9) = 15.66,
p< .01).   Apparently, the scalp-distribution effects did mimic those described
for the preceding Pl, which illustrates the problem of appraising this negative
wave in isolation.

Table 1-6: Pl- peak amplitudes and latencies, and Nl/N175 and P2/P375 mean
amplitudes  obtained  before  the  operation   (baseline)  and  before  CPB   (N=10).

Baseline Before CPB
Amplitude Latency Amplitude Latency

(BV) (msec) (PV) (Insec)

Pl peak (max 0-120 msec)
Fz     2.79 (1.98) 53.6 (11.2) 3.87 (1.82) 89.6 (14.6)

Cz    3.25 (2.61) 52.8 (7.0) 4.33 (2.30) 89.6 (14.6)
Pz     2.28 (1.63) 56.8 (27.5) 3.80 (1.88) 94.4 (13.6)

C5    3.04 (2.80) 50.4 (3.4) 2.43 (1.93) 88.8 (17.4)
C6    4.39 (3.02) 48.0 (6.8) 5.31 (2.36) 79.2 (17.0)

Nl mean (50-150 msec) and N175 mean (125-225 msec)
Fz           -2.19 (1.80) 2.87 (1.15)
Cz    -2.06 (1.98) 3.19(1.74)
Pz     -0.80 (1.39) 2.85 (1.50)
(5    -1.10 (1.06) 1.80 (1.02)
C6      -0.95 (1.46) 3.58 (1.74)

P2 mean (160-310 msec) and P375 mean (300-450 msec)
Fz    -0.73 (2.03) 5.24 (1.73)
Cz    -0.45 (1.98) 6.06 (3.26)
Pz    -0.04 (1.15) 4.47 (3.12)

C5      -0.14 (0.89) 3.60 (1.61)

C6 -0.15 (1.35) 3.45 (2.06)

Note. Standard Deviations are given in parentheses.  CPB = Cardiopulmonary Bypass.
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Figure   1-4:    Pl/P70,    Nl/N175    and    P2/P375    amplitudes    as    a   function    of

recording period. Fz: Solid line, Cz: Dotted line, Pz: dashed line. Left:
averaged amplitudes for components obtained before the operation and before
CPB (N=10); Right: averaged amplitudes for the components obtained during
the distinct intraoperative recording periods (N=9). The P70 mean amplitude
remained relatively stable during the operation. The N175 mean amplitude did
not reach a negative value in respect to the prestimulus baseline; amplitude
changes and scalp distribution did mimic those of the P70. The P375 had a
large mean amplitude that fluctuated between the different recording periods.
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The P2 and P375 mean amplitudes were calculated from the 160-310 msec
(before operation) and 300-450 msec (before CPB) time-windows respectively.
The   intraoperative   P375 was larger   than the preoperative P2 (Midline:
F(1,9)=69.69, p<.001; Lateral: F(1,9)=67.72, p<.001). A significant
Recording period x Electrode-position interaction  (F(2,8) =5.13,  p < .05)  was
present, revealing that the P375 had a more fronto-central distribution than the
P2. For the normalized data, there was still an apparent effect of Recording
period  (F(1,9)-53.72, p< .001). However, the Recording period x Electrode-
position interaction    was no longer significant     (F(2,8) = 1.63,    p=.254),
revealing that there were no true differences in scalp distribution between the
P2, recorded before the operation, and the P375, recorded before CPB.

ERP differences between the distinct intraoperative recording periods
For nine patients, mean P70, N175 and P375 amplitudes were compared
between the four intraoperative recording periods to examine possible
fluctuations in the degree of cognitive processing. Averaged values as a
function of Recording period are given in Figure  7-4.   Mean  P70  and  N 175
amplitudes remained constant over the different intraoperative recording
periods. Significant Electrode-position      (F(2,7) = 11.08,      p < .01)      and
Hemisphere   (F(1,8)=25.40,   p < .001) effects revealed   that   the   P70   had   a
central, right hemisphere dominance. The N175 was more negative (less
positive) at Pz than at Fz and Cz as could be revealed from a significant
Electrode-position effect   (F(2,7)= 17.60,   p< .01). In contrast to these   two
early waves, the following positivity (P375) showed some amplitude variations
over the distinct intraoperative recording periods    (F(3,6) =6.17,   p < .05).
Pairwise comparisons revealed larger P375 amplitudes before than after CPB
(t=-2.89, p=.020) which however   was not significant after Bonferonni
correction (a=.05/6). Overall analysis revealed  that P375 amplitudes  were
larger on central than parietal sites (F(2,7)=8.48, p<.05; Cz>Pz, p<.017).
For none of the components interactions were found, indicating that the scalp
distributions of the different components remained the same for all
intraoperative recording periods.

Correlation Oddball results and Propofol-Alfentanil plasma levels
Correlations were calculated between P375 mean amplitudes at Cz and
propofol and alfentanil plasma levels. Small but negative correlation
coefficients were found between P375 mean amplitudes and propofol (r=-.31,
p=.024) and alfentanil  (r=-.20, p=.098) plasma levels. Mean propofol  and
alfentanil plasma levels were  2.23  Bg/1  (SD  +  1.85)  and  503  ng/ml  (SD  :t
151)   respectively.
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Memory tasks

The category association task
The post-operative interview did not reveal any recall of intra-operative
events. The last things remembered were the operating room and the talk with
the anesthetist or assistant; the first things remembered were the Intensive
Care, voices and the time of awakening. Also the category association task did
not reveal evidence for intraoperative memories. The number of 'Hits' scored

by group A and B were not significantly different for the categories presented
to group A (MA= 1.17, SD i 0.41; MB- 1.00, SD k 1.10), the categories
presented to group B (MA= 2.50, SD 1 1.87; MB= 2.17, SD + 1.47) and
the control categories (MA= 2.17, SD * 1.72; MB= 1.33, SD + 0.82).

The recognition task
The preoperative part: In all patients reliable ERPs could be obtained in the
pre-operative part of the recognition test. However, patient no. 12 frequently
failed to respond within 2 sec because of insufficient knowledge of the Dutch
language and was therefore excluded from further analysis. No differences
were found between   the   RTs for learned   (M = 708   msec) and novel words
(M=707 msec). Patients   made   very few errors   (M= 1.35 %), of which   the
most were Misses. In agreement  with our preliminary study,  ERPs to learned
words were more positive going than those to novel words from 350 msec
post stimulus (see Figure 7-5). Significant differences were found for the mean
amplitudes in the 350-500 msec (F(1,11)=14.86, p<.01) and 500-650 msec
(F(1,11)=11.02, p<.01) intervals. Correspondingly,   the  LP peak amplitude
was  larger  for the learned words  than  for the novel words  (F(1,11)= 10.84,
p<.01). This LP had a parietal dominance (F(2,9)=8.41, p<.01). The
largest effects were on Fz and Pz (List x Electrode-position interaction:
F(2,9)=8.44, p<.01).

The postoperative part: Ten patients took part in the post-operative recognition
test. Patient no. 10 was withdrawn from participation because of too much
pain and patient no. 12 because of difficulties with the Dutch language,
already observed during the pre-operative test. For patient no. 7 an insufficient
number of trials could be recorded. ERP results are therefore based on nine
patients' data. Two of these nine patients (no. 4 and no. 8) were allowed to
push only the "YES-button" because they indicated to be not able to push both
buttons because of general weakness. RT results are based  upon  data  of  8
patients (with no. 7, without no. 4 and no. 8).
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Figure 7-5: Grand average ERP waveforms recorded during the recognition
tests. LEFT': the preoperative recognition test; ERPs to novel (solid line) and
just-learned words (dashed line), RIGHT: the postoperative recognition test;
ERPs    to    novel    (solid    line)    and   preoperatively    learned   words    (dashed    line).
Learned words elicited in the preoperative test a large positivity around 500
msec  post-stimulus.  This  positivity  could  not  be  observed  in  the  postoperative
test.

With the exception of patient   no.    7 (2 words recalled)   and   no.     1 1 (5 words
recalled), the other patients recalled three  or  four  of  the five pre-operatively
learned words while all five were recognized during the following recognition
test. Patient no. 3 reported after presentation of one test-block that he doubted
whether  he had heard  the word 'snake', which was indeed  a  word  of the intra-
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operatively presented list (List 2). He nevertheless responded with "NO" upon
presentation of this word. Patient no. 5 pushed the "YES-button" three times
after presentation   of two different words   from   List 2, whereas he never

pushed this button after other words which  were not pre-operatively learned.
He was confused about these mistakes and said they happened by accident. No
other patients showed evidence for information storage based on their
performance level.   Mean   RTs   were   comparable for novel   (M = 869   msec),
learned   (M = 831    msec) and intra-operatively presented words    (MLi:,  2=882
msec,    MList  3=882    msec).    The mean number of Misses for preoperatively
learned words   was    12.7 %.    The mean number of time-outs and accidental

YES-responses for the novel and preoperatively presented lists were
comparable (Novel: 1.4%, List 2. 1.9%, List 3: 1.0%).

ERP group results did not reveal significant results. Even ERPs to explicitly
recognized words (List 1) did not differ significantly from those to novel
words (see Figure 7-5). This was an unexpected finding. From visual
inspection  of the individual  ERPs it appeared  that  in only one patient  (no.  6)
there  was some indication for intra-operative memories (see Figure   7-6).   The
words which were presented at the start of CPB (List 2) evoked a LP which
strongly resembled the LP to pre-operatively learned words and which
deviated from the smaller LP to novel words. This LP was most prominently
present on the Pz electrode position. According to our decision strategy, the
LP peak amplitudes (max 500-1250 msec on Pz) were determined for each
category separately and rank-ordered from small to large amplitudes. For this
patient,   the   LP to pre-operatively learned words   (List 1) received the highest
rank ordering (12.87 BV) followed by the LP to the words of List 2 (11.55
BV)  so  that we could proceed  with the Bootstrap procedure. Mean correlation
coefficients for List 1 and List 2 were .700 (SD + .098) and .658 (SD +
. 113)  for  the  Cz  and Pz electrode positions respectively, indicating  that  the
ERPs were comparable. However, mean correlation-coefficients between List
1 and List 3, and List 1 and List 0 (novel words) varied also around .680, so
that a large correlation   (r > .50)   can be considered a necessary   but   not   a
sufficient condition  for a memory diagnosis.  Mean LP amplitude differences
between List 2 and List 0 (novel words) were 3.80 BV (SD :t 2.94) and 4.72
BV (SD :t 2.99) for the Cz and Pz electrode positions respectively, indicating
that they differed substantially in amplitude. Zero (no amplitude difference)
fell   outside   the   80%    (Cz)   and   85 % (Pz) confidence intervals and values
smaller  than  0 were found   in  only   10%   (Cz)  and   5%   (Pz)   of all cases.   In

contrast, LP mean amplitude differences between List 1 and List 2 were -1.09
BV (SD i 2.67) and -0.92 BV (SD :t 2.95) for Cz and Pz respectively,
indicating that the LP to pre-operatively learned words was only a little larger
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than the LP to intra-operatively presented words. The Bootstrap distribution
set up for LP amplitude differences between List 3 and List 0 revealed that
zero fell inside   the   85 % confidence interval, indicating   that   they   were   not
significantly different.

POST-OPERATIVE TEST (Patient No.61
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Figure 1-6. Post-operatively recorded ERPs for patient no. 6.  Relative to novel
words,  the words from List 1  (pre-operatively learned) and List 2 (presented at the
start   of   cardiopulmonary   bypass)   provoked   a   Late    Positivity,    presumably   associated

with recognition processes.

Inter-relationship between the intra- and postoperative measurements
A  summary  of the intra- and postoperative results is given in Table  7-7.   Five
unbiased and experienced researchers rated the intraoperative waveforms.
They were asked to indicate the presence or absence  of  ERPs  in the tracings.
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A  ' + '  should be given  when they thought  that a reliable  ERP  was  clearly
present,   a   '-'  when they believed that there  was  no ERP waveform,  a   'i'
when their opinion was inconclusive, and a '0' when they believed the signal
was unreliable. The ratings were then decoded into marks: + =3 points, +
=2 points,-=1 point, 0=0 points. The conclusion that a reliable ERP
( +)  was  present was drawn  when a tracing had received a total  of  14  or   15
points. The conclusion  that an intermediate  ERP  ( i) was present was drawn
by  11,  12  or 13 points, whereas  it was concluded  that no  ERP was present  (-)
by  less  then  11  points.  In  57.8  %  of the cases, at least 4 raters  gave  the  same

judgement, of which 61.5 % concerned a positive opinion (presence of a
reliable ERP waveform). The critical Propofol doses    (1.25    mg/1)    was
arbitrarily chosen so as to give some rough indication about small and large

propofol concentrations.

Table  1 -1.   Summary   of  oddball   results   based   upon   ratings   (N-5).   propofot  plasma
concentrations   and  postoperative   memory   results.

Oddball Recognition test
Patient before start end end of

no. CPB CPB CPB operation

1? - -i
2       +                  +

3         +         -          -                            + expressed doubts
4 +4 - 4 - 4 1 -   only button responses for List 1

5  + i. +4 +4 + three 'False Alarms'

6 +4 +4 +4 +4 +  ERP evidence

7        i         -                     1              ?   too less EEG trials
8        -           i         -          7                - only button responses for List 1
9          1           -            7            +
10       +          i         i         -                 ?   too much pain
11     + 1 1< - 4 t.       -
12    +     i     + +1 ? insufficient knowledge of Dutch

Note.   For the oddball task, intersubjective   (N = 5) ratings were given to intraoperatively
recorded  ERPs. +: Reliable  ERP,  -: No clear ERP,  rt:  Intermediate. ?: missing data,   4 :
Propofol levels below  1.25  mg/1.  For the recognition  test,   + : indications for intraoperative
memories, -: no indications, ?: missing data. Note (i) that especially in the first
intraoperative recording period (before CPB, about 30 minutes after first incision), reliable
ERPs were present for almost all patients and (ii) that for patient no. 5 and 6 the three
different kinds of data point all to the direction of possible awareness (For intraoperative
ERPs see also Figure 7-3).
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According to our hypothesis, a memory effect could not have been found
without some direct evidence for information processing during anesthesia,
i.e.,  presence of late ERP components during the oddball  task. This hypothesis
was  confirmed for patients  no.   5  and  6  but  not for patient  no.   3. In addition,
low propofol levels were associated  with the presence of intermediate  (:E)  and
reliable   ( + ) ERP waveforms   in   11   out  of 1 5 cases. For patient   no.   5   and   6
low propofol levels and the presence of intraoperative ERPs were followed by
postoperative indications of memory. However, this was not the case for
patient no. 11, who was the only one who received lorazepam as
premedication. Lorazepam is known to interact with memory performance.
Because of missing postoperative data, no judgements could be made for
patients  7,   10  and   1 2.

7.5 Discussion

Intraoperative assessment of information processing
The ERP baseline recordings were in agreement with earlier studies using
oddball tasks under ignore conditions [Squires   et   al., 1975; Polich,    1987].
Clear Pl and Nl components were elicited by both frequent and infrequent
stimuli, whereas only the infrequent ones elicited a positivity around 350
msec. This positivity  can be referred to as a P3 because it appeared in the
250-400 msec latency range and was elicited by the infrequent stimuli. The
presence of a P3 indicates that the patients registered the difference in pitch
between incoming stimuli. However, it remains uncertain whether this
concerned an automatic or conscious process, because the recorded  P3  was
more central and appeared later than the classical P3a, associated with
automatic detection of stimulus deviance.

ERP waveforms could still be obtained during the intraoperative recording
periods, suggesting that some auditory information processing continued
during anesthesia. Because the observed ERPs were comparable over patients
and distinct recording periods it is evident that it concerned a reliable
phenomenon. The morphology of the intraoperatively recorded ERPs differed
substantially from those recorded in the awake state suggesting that the neural
circuits involved in auditory processing have changed from the awake to the
anesthetic state. Baseline ERPs to frequent tones were characterized by a small
P 1      followed     by a large N l, whereas the intraoperative      ERPs     were
characterized by an enlarged Pl followed by a negativity of small amplitude
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and a large positivity around 375 msec. Comparable changes in ERP
waveforms have been reported in studies investigating ERP changes during
sufentanil anesthesia [Plourde  et  al.,   1993] and sleep [Paavilainen  et  al.,   1987;
Nielsen-Bohlman et al., 1991; Campbell  et  al.,   1992].

In patients anesthetized with sufentanil, Plourde et al. [1993] found N 1
amplitude to be attenuated during induction, postintubation and pre-CPB
periods.  This was assumed to be due  to a minimal arousal level. In accordance
with our data, they noted that the Pl amplitude was larger during

postintubation and pre-CPB than preceding induction. They considered this
observation less relevant for the assessment of consciousness. However, it
might be hypothesized   that the increase   in   P 1   amplitude   was at least partly
responsible for the decrease in the baseline-to-peak N 1 amplitude. An increase
in   Pl amplitude coinciding   with an attenuated   N 1   was also observed during
sleep. For example, Paavilainen et al. [1987] found that P 1 grew in amplitude
with progressing sleep while simultaneously Nl completely disappeared.
Campbell et al. [1992] reported that Nl dropped below pre-stimulus baseline

during non-REM sleep, whereas the preceding Pl and following P2 increased
in amplitude. These observations support our suggestion that the intraoperative
negative wave corresponds   with   N l. It would appear   that   a long duration
negative wave overlaps the pre-operative waveform. This negativity seems  to
be removed during anesthesia, causing negative waves    (N 1)    to    be    near
baseline values and positive waves     (P 1,     P2) to increase apparently     in
amplitude. Campbell et al. [1992] have hypothesized that a similar
phenomenon occurs during  loss of consciousness at sleep onset. They assumed
that the removed negativity may be associated with attention mechanisms
similar to those reflected in the Processing Negativity observed during
selective attention paradigms. Otherwise, it might also be suggested that,
rather than removing a negative wave, sleep or anesthesia may add a positive
wave     [Naatinen and Picton,      1987],     may be associated with inhibition
processes.

Scalp distribution and latency range of the positivity following the negativity
are in agreement with those of the P3a component, but its amplitude was not
sensitive to stimulus deviance. Since this is not in accordance with one of the
prominent P3a characteristics, it is more likely that this positivity corresponds
with the earlier P2. Arguments   for this interpretation   are the component
sequence, the similarities in topography, the commonly reported delay of
components  as a consequence of anesthetic drugs [e.g., Fowler  et  al.,   1988],
and the delay of the Pl component observed in the current study. In contrast,
Plourde et al. [1993] assumed that the positive wave observed in their
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recordings in the 250-500 msec latency range paralleled the P3a, also because
it was larger for the infrequent stimuli. Although the P33 has been usually
associated with the automatic detection of stimulus deviance, providing no
direct association with conscious awareness of the presented stimulus, they
hypothesized that this component might correlate with a regain in
consciousness, possibly as a result of inadequate suppression of higher
cerebral functions during (sufentanil) anesthesia. In favor    of   this    P3a
interpretation seems to be that a small amplitude difference was present in our
grand average waveforms (Figure 7-2 b,c,e), suggesting that at least some
patients have processed the frequent and infrequent stimuli differently.
However, Nielsen-Bohlman et al. [1991] found that the P2 was also sensitive
to stimulus probability during sleep, showing larger amplitudes for the
infrequent stimuli. Therefore, the observed amplitude difference does not
necessarily suggest that the delayed positive wave  is a P3a.

A centro-parietal P3b was certainly not present in the intraoperatively recorded
ERPs. Because the P3b is thought to reflect controlled stimulus processing
requiring conscious awareness of the eliciting stimulus [Pritchard, 1981;
Picton,    1992],   it   is not likely   that the patients had actual awareness   for   the
stimuli at the moment of information presentation. Nevertheless, the presence
of a Pl-Nl-P2 component sequence, apparent in the 50-550 msec latency
range, suggests that auditory information not only arrived at the cortex but
that it was also processed up to a certain level of cognition. Because ERPs to
frequent and infrequent tones were not significantly different from each other,
there was no evidence for differential processing of these stimuli.

The intraoperative amplitude changes (Figure 7-4) showed that the P70 and
N175 mean amplitudes did not vary during the intraoperative recording
periods. In contrast, the amplitude    of    the late positive deflection    (P375)
showed some alterations, which may be associated with fluctuations in sensory
sensitivity. Should  that be verified  in a further study, the amplitude  of  this
component could be a possible tool for detecting unintended auditory
perception.  This late positivity could be recorded in almost every patient in
the period before CPB and had larger amplitudes compared to other
intraoperative recording periods. This period can therefore be considered as a
particularly critical time in which patients might have had an increased risk for
auditory perception.
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Memory tasks
Group results on the category association task and the ERP recognition test did
not show evidence for intraoperative memories. However, individual
behavioral- and ERP- results obtained from the recognition test demonstrated
that in three out of nine patients there was some indication for intraoperative
memories. This was revealed by expressed doubts, 'accidental' Yes-responses
and more positive going    ERPs for intraoperatively presented words.    The
results emphasize the necessity for individual assessment procedures and
support the notion that intraoperative memories can be demonstrated in the
absence of conscious recall.

The ERP results of the preoperative part of the recognition test were similar to
those previously reported [Friedman, 1990; Bentin  et  al., 1992; Allen  et  al.,
1992]. The recognized items elicited a large positivity which was absent  in  the
ERPs to novel items. In contrast to our preliminary study, the RTs to
recognized words  were not longer than those to novel words.   This  may  be
because elderly patients responded more conservatively than did the younger
volunteers    used    in the previous study. An indication    of   this    is the smaller
amount of errors  made  by the patients.  In the postoperative recognition  test,
the ERP difference between explicitly recognized and novel items was no
longer present, possibly due to a decrease in task involvement, a larger
number of Misses and because of the fact that two patients have not pushed
both response buttons. Furthermore, because fewer test-blocks could be
administered after the operation the signal-to-noise ratio was poorer.

The postoperative ERP results of patient no. 6 confirmed our hypotheses and
corresponds well with results from earlier studies to covert recognition [van
Hooff et  al. in preparation) and concealed memories [Allen  et  al.,   1992].  For
patient   no.   5, the larger amount of Yes-responses upon intraoperatively
presented words than upon novel words also confirmed our hypotheses. In
addition, for both these patients, the postoperative observations were supported
by two types of intraoperative indications for an increased risk of perception.
First. they had low propofol levels close to the moment of information
presentation (below  1.25  mg/1) and second, they showed reliable  ERPs  with
large amplitudes during different periods of the operation (see Figure 7-3),
providing supportive evidence for cognitive processing. These results suggest
that these two patients might have perceived some auditory information during
their operation. A similar kind of results could not be found for patient no. 3,
who doubted about the status of an intraoperatively presented word. He did
not show either low propofol levels or clear intraoperative ERPs. Although
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this postoperative observation   can  not be ignored,   it   is more unlikely   that   this
patient has had any awareness for intraoperative events.

Conclusion
In conclusion, this study is one of the few studies that have explicitly
examined the relationship between intraoperatively recorded ERPs and results
from postoperative memory tests. A possible relationship between
intraoperatively recorded ERPs and postoperative retrieval has been
demonstrated. For the clinical practice, the results might be of particular
interest because it contributes to our understanding of the specific
circumstances under which positive evidence for information processing can be
found. Since the presence of late ERP components are presumed to reflect
some level of perception, it can be suggested that recording of ERPs during
anesthesia may significantly add to existing literature describing changes in
AEP and ASSR parameters. In a future study, the potential predictive
characteristics of the intraoperatively recorded ERPs will be further studied by
(a) examining a larger group of patients to obtain a statistically supported
statement, (b) using other anesthetic techniques to investigate the
generalizability of our results, (c) using the same stimuli to evoke
intraoperative ERPs and to test intraoperative memories to establish a more
direct relation, and (d) including other intraoperative measurements to enlarge
possibilities for monitoring.

134



8

ERP MEASURES OF INFORMATION PROCESSING
DURING GENERAL ANESTHESIAl

8.1 Abstract

To investigate intraoperative perceptual and cognitive functioning during a state
ofpresumed unconsciousness Event-related Potentials  (ERPs) were studied during
cardiac surgery with propofol/alfentanil anesthesia. The ERPs were recorded

during auditory oddball tasks administered before and within several periods of
the operation.  During two of the intraoperative oddball tasks one-syllable words
were presented as  novels  intermixed withfrequent and infrequent tones  of different
pitch. Anesthetic concentration and nasopharyngeal temperature were determined
for each intraoperative ERP recording epoch.  During anesthesia ERP waves could
still be observed up to 500 ms after stimulus onset indicating that auditory
information processing was not suppressed entirely  by  the administered anesthetic
agents.   Relative   to   the   preoperative   recordings,    the   Pl-Nl -P2   complex   was

delayed and more positive going during anesthesia. Comparable changes in ERP
morphology have been observed during stage II-IV sleep suggesting parallels in
the mechanisms underlying perceptual processing in both states of diminished
arousal  levels,  possibly  related  to  a selective  reduction  of a  non-specific  activity.
Nl and P2 peak amplitudes were found to be larger for the deviant zones
compared    to    the    standard   tones.    These    amplitude    differences    might    reflect

automatic detection of stimulus deviance, although it is also possible that they
were due to differences in refractoriness. The words did not elicit a clear ERP
waveform, suggesting that more complex auditory information could not be
processed during anesthesia. Anesthetic concentrations and nasopharyngeal
temperature were found to be of minor significance for ERP control. It is
suggested that ERPs can be used for providing intraoperative evidence for
primary perceptual processing.

1 The present chapter is submitted for publication with N.A.M. de Beer, C.H.M
Brunia, P.J.M. Cluitmans, and H.H.M. Korsten as co-authors. A shortened version will
be published in: B. Bonke, J.G. Bovill, and N. Moerman (Eds). Memory and awareness
in Anaesthesia HI (in press). Assen: Van Gorcum.
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8.2 Introduction

Most studies on changes in Event-related Potentials (ERPs) during reduced levels
of arousal have been focused on natural sleep or sleep-onset [Ogilvie et al.,  1991;
Campbell et al., 1992; Nielsen-Bohlman et al., 1992; Harsh et al., 1994; Winter
et al., 1995]. Drug-induced states of diminished arousal levels have received less
attention in ERP research but may provide valuable information about the
possibility to generalize results and about underlying mechanisms. In the current
study, ERPs were recorded during cardiac surgery with propofol/alfentanil
anesthesia to obtain evidence for intraoperative information processing. Earlier
indications for preserved perceptual and memory functioning during general
anesthesia came from studies using hypnotic regression, intraoperatively
presented behavioral suggestions or implicit memory tests [for an overview, see
Andrade, 1995; Ghoneim and Block, 1992]. These retrospective studies,
however, have produced inconsistent results, presumably due to differences in the
state of anesthesia at the moment of information presentation. Therefore, it would
be useful to examine more directly the processes involved with auditory
perception, that is, at the moment that it might actually occur. In addition, the
true incidence of auditory processing during general anesthesia might be
evaluated more accurately with an intraoperative instead of postoperative
assessment procedure considering the amnesic effects of many anesthetics
[Thornton and Newton,  1989].

The recording of cortical Auditory Evoked Potentials (AEPs) has been frequently
suggested as a promising method for monitoring intraoperative awareness
[Thornton and Newton, 1989; Cluitmans, 1990; Thornton, 1991; Jones,  1994].
AEP brainstem components (wave I to VI) occur within 8 ms following sound
onset and reflect activation of the acoustic nerve and brainstem auditory
structures. The midlatency components (No, Po, Na, Pa, Nb) occur between 8
and 40 ms after sound onset and are probably generated in thalamic and cortical
auditory structures [Picton et al., 1974]. Thornton [1991] and Jones [1994] have
demonstrated that AEP brainstem components increase in latency with increased
levels of volatile agents whereas they remain unchanged with other anesthetics.
In contrast, AEP midlatency components, Pa and Nb in particular, were found
to increase in latency and to reduce in amplitude with all examined anesthetics
in a dose-related manner [Thornton et al., 1984; Thornton, 1991; Jones,  1994].
Furthermore, it has been shown that the Nb component is sensitive to surgical
stimulation, showing larger amplitudes during surgery than prior to surgery
[Thornton et al., 1988]. These results imply  that the AEP midlatency components
provide significant information about the responsiveness of the auditory neural
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pathways, making them valuable for monitoring purposes. However, the exact
relationship between these AEP parameters and the concrete perception of a
stimulus has not yet been established.

AEP midlatency components mark the arrival of sensory information at the
primary auditory cortex. Although the occurrence of these components may be
a necessary condition for perception it is no guarantee that the presented stimulus
will be actually perceived [Jessop and Jones, 1992]. There is some evidence that
Nb latency may be related to behavioral responsiveness as measured with the
Isolated Forearm Technique (IFT), protecting one arm from neuromuscular block
[Thornton    et    al.,     1989]. In agreement, Schwender    et    al.     [1994]    have
demonstrated a relationship between Na and Pa latencies and outcomes of an
implicit memory task performed after surgery. Additional   and more direct
evidence for auditory processing, i.e., without confounding influences of motor
or memory systems, could be obtained by recording AEP deflections following
the midlatency components. These long-latency AEP components, frequently
referred to as ERPs, are associated with the cognitive aspects of information
processing and are known to be affected by, among others, the subjects'
psychological state [Donchin  et  al.,   1978]. Such state-related changes  in  long-
latency AEP or ERP components have been described frequently in sleep
research. ERP changes due to general anesthesia have been reported only in a
small number of recent studies.

The centro-frontal auditory Nl and P2 components, occurring around 100-200
ms post-stimulus, reflect primary perceptual processes [Picton et al., 1974]. Their
amplitudes are controlled by the physical features of the stimuli as well as by the
subjects' attention [Naatinen and Picton 1987]. During the process of falling
asleep,   N 1   has been found to decrease in amplitude in parallel with prolonged
reaction times (RT) [Ogilvie et al.,  1991]. With progressing sleep (stage  II-IV),
the N l is usually further attenuated [Nielsen-Bohlman et al. 1991; Campbell et
al.   1992]  or can even become absent [Paavilainen et al.,   1987]. In contrast to  the
N 1   response, the following  P2  has been found to increase in amplitude at sleep
onset [Ogilvie  et  al., 1991], which proceeded  up to stage II sleep [Nielsen-
Bohlman et al. 1991; Winter et al.,  1995] and slow-wave sleep [Campbell et al.
1992]. Comparable changes  in N 1  and  P2  amplitudes  have been observed during
general anesthesia. Nl amplitude was found to be reduced during sufentanil
anesthesia [Plourde   et   al., 1993], whereas Nl disappeared entirely during
thiopental/isoflurane anesthesia [Plourde and Picton  1991].  In our previous study.
reduced Nl amplitudes were found to coincide with enlarged P 1 and P2
amplitudes during propofol/alfentanil anesthesia [Van Hooff et  al.,   1995].

137



The appearance of a MisMatch Negativity (MMN) or P3 indicates whether
physically deviant stimuli are differently processed. The MMN, reflecting the
automatic detection of stimulus deviance, has been occasionally studied during
sleep. Paavilainen et al. [1987] and Nielsen-Bohlman et al. [1991] failed to
record a MMN during any sleep stage. Campbell et al. [1992] succeeded to do
so during REM sleep and stage II sleep, but the recorded MMN was small and
had an atypical early onset. Winter et al. [1995] reported an N 1 enlargement for
large deviants (1000 Hz difference) during drowsiness, which they explained by
an overlap from the MMN. However, a comparable process could not be
observed during stage II sleep [Winter  et  al., 1995]. Nielsen-Bohlman  et  al.
[1991] suggested that the apparent abolition of the MMN during sleep might be
caused by an increased noise level, masking the small component. Alternatively,
Naatanen and Lyytinen [1995] hypothesized that the attenuation or disappearance
of the MMN in sleep might be caused by a reduced level of cortical activation.
The occurrence of a MMN during anesthesia has not been reported in previous
literature.

The P3, reflecting controlled stimulus processing and target detection, has been
found to gradually disappear during the wake/sleep transition [Harsh et al.,  1994;
Ogilvie  et  al., 1991]. During sleep positive waves  in the 400-800 ms latency
range generally appear in response to deviant tones, but it is still uncertain
whether or not these positivities correspond with the P3 observed in the awake
state [Wesenstein and Badia, 1988; Nielsen-Bohlman et al., 1992; Harsh et al.,
1994;  Winter et al., 1995]. Furthermore, P2 seems  to be sensitive for stimulus
deviance during stage II sleep, showing larger amplitudes for the infrequent items
[Nielsen-Bohlman et al., 1991; Harsh et al., 1994; Winter et al., 1995]. The
origin and functional significance of this P2 effect are as yet unknown but its
eliciting process may be related to those underlying the awake P3a [Harsh et al.,
1994]. Sub-anesthetic concentrations  (up to 40% inspired) of nitrous oxide have
been  found to increase P3 latency [Fowler  et  al.,   1988]  and to decrease  P3

amplitude [Fenwick et al.,  1979]  in a dose-dependent manner. With anesthetic
concentrations of nitrous oxide, Jessop et al.  [1991] did still observe a P300 wave
in   some of their volunteers in absence   of a motor response. Anesthetic
concentrations of fentanyl/isoflurane and propofol/alfentanil suppressed the
occurrence of a P3 response [Plourde and Picton,  1991; Van Hooff et al.,  1995].
In contrast, Plourde  et  al. [1993] claimed   to have observed a small  P3a  wave

during some periods of cardiac surgery with sufentanil anesthesia. According to
the authors, the occurrence of a P3a may have signalled the regaining of
consciousness.
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In the present study, ERP changes were investigated during different periods of
cardiac surgery with propofol/alfentanil anesthesia. It is an extension of our
previous study in which ERPs were recorded from a small group of different
patients undergoing  the  same type of operations [Van Hooff et  al.,  1995].  The
main additions with respect to this previous study were: (1) a larger number of
patients is examined to improve statistical support, to obtain information about
the incidence of primary sensory processing and to identify intraoperative epochs

of particular risk. Note that the 12 patients from our previous study are not
included in the current study, (2) in addition to ERPs in response to tones of
different pitch, ERPs were recorded in response to words presented as novels

during some of the oddball tasks, to examine the ability of differential processing
in more detail and to study the possibility of more complex auditory processing,

(3) peak instead of mean amplitudes were calculated for the distinguishable peaks
to obtain information about changes in latencies and to enable a more precise
estimation of the N 1 response, which was previously found to be obscured by  the
preponderant positive ERP waveform [Van Hooff     et     al.,      1995],      (4)

nasopharyngeal temperature was recorded in addition to anesthetic concentrations
to study possible effects of hypothermia on ERPs.

8.3 Method

Subjects
The study was approved by the local Medical Ethics Committee and informed
consent was obtained from 41 patients scheduled for afternoon cardiac surgery
(39 Coronary-artery bypass grafting   and 2 Aortic valve replacement).   Only
patients who were free from neurological disorders and who had a good left
ventricle function were asked to participate. Patients scheduled for re- or
emergency-operations were not considered. None of the patients reported severe

hearing difficulties. Reliable results could be obtained   from 40 patients   (7
females)  with a  mean  age  of 59 years (range 38-74 years).  The mean duration of
the operation (from start induction till transport to the Intensive Care Unit) was
3 hours and 17 minutes. Pre-operative anxiety scores were obtained the morning
of the operation day by means of the Dutch variant of the state-version of the
Spielberger State-Trait Anxiety Inventory. One patient was unwilling to fill in this
questionnaire.
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Anesthetic technique
Patients were premedicated with subcutaneous morphine 10 mg. Total intravenous
anesthesia with propofol and alfentanil was used to induce and maintain general
anesthesia. Propofol was administered at an initial rate of 2 mg/kg and alfentanil
at 100 Bg/kg for the first 12 min. Then the infusion rates were decreased in steps
every 10 minutes to 8 mg/kg/hr, 6 mg/kg/hr and finally 4 mg/kg/hr, for
propofol, and to 4 Bg/kg/hr, 3 Bg/kg/hr and 2 Bg/kg/hr, for alfentanil. The last
rate for each anesthetic was maintained for the remainder of the operation.
Shortly after induction of anesthesia and at the start of cardiopulmonary bypass

(CPB), pancuronium 8 mg and cephazolin 1000 mg were given. The lungs of the
patients were mechanically ventilated with air and oxygen and ventilation was
adjusted to maintain the end-tidal C02 at about 4 kPa. Increases in blood pressure
were treated with nitroglycerine or ketanserine. Decreases in bloodpressure were
managed with volume loading, calcium, ephedrine or inotropics as appropriate,
together  with a reduction   in the infusion rates of propofol and alfentanil.
Electrocardiogram, arterial blood pressure, ventilation parameters, end-tidal C02
tension, 02 saturation, and temperature were monitored continuously. During
CPB slight or moderate hypothermia to 32 °C was used.

Stimuli and Apparatus
Tones produced by 100 msec bursts of a digitally stored sine wave (70 dB SPL,
rise/fall times 10 msec) were presented binaurally via insert headphones (Nicolet
Tip-10) before and during several periods of the operation. The interstimulus
interval (ISI) was 1044 msec. Eighty percent of the stimuli were "standard"  1000
Hz tones, twenty percent were "deviant" 2000 Hz tones. During two
intraoperative oddball tasks five one-syllable words were repeatedly presented
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.  All
words were one-syllable nouns spoken by a native male speaker of Dutch
(digitally stored  with a sample frequency  of 20  KHz).  They were comparable  in
duration (mean duration 487 msec, SD i 181), intensity and frequency of
occurrence  in the Dutch language  [Uit den Boogaart,   1975]. This presentation
format would allow us to analyze ERPs in response to words and to compare
them with those in response to deviant tones. After the operation the presented
words were tested for (covert) recognition, which will be reported in detail
elsewhere (Chapter  9).  In the pre-operative period a total  of 200 stimuli  were
presented. During surgery 400 to 600 stimuli were presented because of a poorer
signal-to-noise ratio. An IBM-type 486 Personal Computer provided with a
LabMaster AD/DA converter was used for stimulus presentation, experimental
control and data acquisition.

140



Physiological recording
The Electroencephalogram (EEG) was recorded from Ag-AgC1 electrodes placed
at Fz, Cz, Pz and two lateral positions located midway between T3-C3 (C5) and
T4-C4 (C6), approximately over the temporal auditory projection areas. Linked
pre-auricular points served as reference. Inter-electrode impedances were less
than 3 kO. During preoperative measurements the EOG was recorded by three
pairs of electrodes, two pairs for vertical movements (supra and infra orbital
ridges  of each  eye)  and  one  pair for horizontal movements  (at the outer canthi).
During the intraoperative measurements the EOG was not recorded because eye
movements were not expected. The patients received muscle relaxants and their
eyelids were closed with adhesive tape. EEG and EOG signals were amplified
using a 14-channel Nihon Kohden electroencephalograph (time constant 6.6 s,
lowpass filter -3 dB cut-off at 35 Hz). The amplified signals were digitized on-
line   with a sample frequency   of   125 Hz (resolution   12 bit). During the entire
operation mean nasopharyngeal temperature was copied every 10.24 sec from the
anesthesia monitor using a HP 78360 Careplane interface board.

Procedure

Baseline recordings were obtained the morning of surgery before the patients
received their premedication. Patients were seated in a wheelchair in a quiet
separate recovery box on the Intensive Care Unit. They were asked to relax as
much as possible, to close their eyes and to ignore the presented tones during the
oddball task. During anesthesia oddball tasks were administered during the
following periods: (i) before CPB (approximately 30 minutes after first incision),
(ii) at the start of CPB, (iii) at the end of CPB and (iv) about 10 minutes after
CPB. The oddball tasks consisting of tones and words were administered during
the first (i) and third (iii) period. During longer lasting operations intermediate
recording periods were also obtained. The exact period of recording was
dependent on the absence of disturbances due to electro-surgery or the bypass
pump. The total duration of one ERP recording period varied from four to fifteen
minutes. During or close to the ERP recordings bloodsamples were taken for
analysis of propofol and alfentanil plasma levels.

Data analysis
Pre-operatively recorded EEG signals were first corrected for eye-movements
using the method of van den Berg-Lenssen et al.  [1989]. The EOG-corrected and
intraoperative data were digitally filtered using a 33-point finite-impulse response
band-pass filter with -3 dB cut-off frequencies of 2.5 and 8 Hz. EEG trials
contaminated by artifacts were automatically rejected. Criteria to detect an artifact
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were the occurrence of spikes greater than 100 BV, drift greater than 80 BV in
a single trial, or a difference in mean amplitude of 4 successive 250 msec epochs
with respect the 200 msec pre-stimulus baseline greater than 60 BV. The accepted
EEG signals were averaged for each channel time-locked to the onset of the
stimuli. Each ERP waveform consisted of at least 40 trials and were obtained
from a recording period not longer   than 15 minutes. ERP waveforms   were
obtained for standard tones, deviant tones and words separately.

Table 8-1: Definition of peak and mean amplitudes for the different recording periods.

Component Preoperative Intraoperative

Pl peak max 0-75 msec max 0-125 msec
N 1 peak min 75-150 msec min 125-275 msec
P2 peak max 150-275 msec max 275-450 msec
P345 mean mean 270420 msec            x

Note. Individual peak amplitudes were defined as the maximal (Pl,P2) or minimal (Nl) values
in the indicated intervals. Pl amplitudes were determined in respect to the pre-stimulus baseline.
Nl and P2 were determined with respect to their preceding peak (P1Nl and NlP2 respectively).
Peak latencies were all measured relative to stimulus-onset. Mean P345 amplitude was
calculated by averaging the amplitude in the indicated time-window. The time-windows were
chosen  on the basis  of the grand averages.

ERP peaks were defined for each individual trace as indicated in Table 8-1.
Time-windows were selected such that they enclose the distinguishable peaks in
the grand averages. Pl amplitudes were determined relative to the pre-stimulus
baseline. Nl and P2 were determined with respect to their preceding peak (P1Nt
and NlP2 respectively). To quantify the prolonged positivity visible  in  the
preoperative ERPs to infrequent stimuli a mean amplitude was calculated for the
270-420 msec time-window   (P345). The intraoperative waveforms remained
practically below baseline level and peaks were not always clearly recognizable.
They were nevertheless calculated to obtain information about changes in peak
latencies and inter-peak relationships. It was assumed that amplitudes would
approach zero when no clear peak could be identified. Latency results, however,
have to be interpreted with care for this reason. Using peak measures to quantify
ERPs is common practice  in both sleep and anesthesia research [e.g., Harsh et
al., 1994; Nielsen-Bohlman et al., 1991; Plourde et al.,  1993]. Peak amplitudes
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are considered more sensitive than mean amplitudes because they are less affected
by variance in latency and slope of the different peaks and because they do not
integrate data over a certain fixed time interval. In addition, peak measures would
allow us to specify criteria to evaluate whether or not a Pl-Nl-P2 complex could
be  distinguished   in  the ERP trace   (see next section).   The ERP waveforms   to
words were ambiguous and separate peaks could usually  not be identified.
Therefore, these waveforms were not quantified.

ERP amplitudes and latencies were used as dependent variables in statistical
analyses, using the SPSS-PC statistical package. MANOVAs with repeated
measures were used to analyze differences between ERPs in response to frequent
and infrequent tones in each recording period, ERP differences between the
preoperative recording and the first intraoperative recording (before CPB), and
ERP changes during the operation. Although in these analyses repeated measures
analysis of variance designs were used, the multivariate test of significance was
selected to circumvent the problem of violating the sphericity assumption

[Jennings, 1987; Vasey and Thayer,  1987].  In each case the approximate F-value
associated with the multivariate test is reported. To specify the influence of the
anesthetic agents and temperature, correlations were calculated between ERP
measures and propofol and alfentanil plasma concentrations and between ERP
measures and mean nasopharyngeal temperature. To obtain information about the
incidence of intraoperative ERPs, criteria were specified to judge whether or not
a clear ERP waveform could be distinguished in the individual recordings.
Because the ERP responses were most clearly visible at Cz and because the
recordings in response to frequent stimuli had the best signal-to-noise ratio, the
criteria were applied to the Cz recordings in response to frequent tones only.  The
criteria were based upon the median PINt amplitude (larger than  1.46 BV), the
median NlP2 amplitude (larger than 1.73 BV) and the correlation with an overall
average waveform obtained by averaging the post-stimulus EEG over all
intraoperative recording periods (r larger than .55). When a recording met all
these criteria  it was judged  as a credible ERP response, i.e., containing  a
recognizable  Pl-N l-P2 complex.

8.4 Results

Grand average waveforms from the midline electrode positions obtained during
the distinct recording periods are shown in Figure  8-1.   They are composed  of
different numbers of individual ERPs because reliable data could not always be
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obtained from all patients. During anesthesia there was a high variability of
individual ERPs which has decreased the amplitudes of the different waves in the
grand-averages. In several cases ERP traces were practically flat, whereas
sometimes peak-to-peak amplitudes could be observed that were about twice as
large as in the awake state. From the intraoperatively recorded ERPs, those
recorded before CPB appeared to have the largest amplitudes. Compared to the
preoperative ERPs the intraoperative ERPs were delayed and more positive
going. The Nl wave, prominently present in the preoperative recordings, has
dropped below pre-stimulus baseline during anesthesia, but seems to remain
partially sensitive for stimulus deviance, particularly at the start and end of CPB
(Figures 8-lc and 8-ld). The P2 wave seems to decrease less in amplitude than
Nl and shows slightly larger amplitudes for the infrequent tones than for the
frequent tones in all but the third intraoperative recording period (Figures lb, lc,
and le). ERPs in response to words showed a slow positive shift, but separate
peaks could usually not be identified.

In total,  176 ERPs could be recorded during the 40 operations. In about half of
the patients an extra oddball task could be administered during CPB (in addition
to those administered  at the start  and  end   of  CPB).   The mean duration  of  an
intraoperative recording period was 10 minutes and 36 seconds  (SD =2 min 23).
The mean number of trials composing ERPs in response to frequent tones,
infrequent tones and words  was  364  (SD = 85),   87   (SD = 23)  and  73   (SD = 14)
respectively. During CPB, interference of the bypass pump could not be filtered
and averaged out completely in the individual traces at Fz.

Figure  8-1:   Grand   average   ERP  waveforms  to  frequent   tones   (solid  line),   infrequent

tones  (dotted  line)  and  words  (dashed  line),   recorded from  the  three  midline  electrode
positions during oddball tasks administered (a) the morning of the operation day,  (b)
before  CPB.  approximately  30 minutes after first  incision,  (c)  at  the  start  of CPB,  (d)

at the end of CPB. and (e) about 10 minutes after CPB.
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Scalp distribution and effects of stimulus probability
Separate MANOVAs were carried out for each recording period to examine
effects of stimulus probability (frequent versus infrequent) and electrode position
(Fz, Cz, Pz). Similar MANOVAs were carried out for the lateral electrode
positions with stimulus probability and hemisphere  (C5,  C6) as within subjects
factors. The effects of stimulus probability on P1Nt and NlP2 amplitudes are
summarized in Table  8-2.  For the midline electrode positions  the mean values  of
PIN1 and NlP2 amplitudes are given in Figure 8-2 as a function of recording
period and stimulus probability. Probably because of individual variance in peak
latencies, these mean values showed somewhat larger amplitude differences than
the grand averages of Figure 8-1 (see Figure 8-4 for individual examples).

Unexpectedly, P1Nt and NlP2 showed relative large amplitude differences at the
Fz electrode position  at the start  and  end  of  CPB. This might  be  due   to
interference of the bypass pump, introducing peaks in the individual recordings
that could not be averaged out sufficiently for the infrequent stimuli. Electrode
position and hemisphere effects are given in Table 8-3. Latencies of the different
peaks at Cz for frequent and infrequent stimuli are presented in Table 8-4.

Table 8-2. Multivariate F values for the factor stimulus probability (frequent versus
infrequent  tones)  and  for  the   Stimulus  probability  x  Electrode  position  (Fz, Cz, Pz)   and

Stimulus probability  x Hemisphere  ((5,(6) interactions for  P]Nl  and Nl P2 amplitudes.

Period                            df                                                   PIN 1 NlP2
Midline Lateral Midline Lateral

Stimulus probability
Preoperative 1,37 18.97 *** 28.31 *** 4.07 4.33 *

Before CPB 1,33 12.95 ** 18.52 *** 22.18 *** laH) -1'

Start CPB 1,32 65.60 *** 58.02 *** 54.73 *** 31.10 -

End CPB 1,32 15.16 *** 10.94 ** 26.20 ***  25 -
After CPB 1,38 13.61 ** 2536 *** 27.48 *** 39  *1.1'

Stimulus probability x Electrode position / Hemisphere interaction
Preoperative 2,36 / 1,37 9.34 ** 6.24 * 6.48 ** <1
Before CPB 2,32 / 1,33 <1 <1 9.71 ** <1
Start CPB 2,31 / 1,32 4.81 * 2.20 23.50 *** <1
End CPB 2,31 / 1,32 8.29 ** <1 8.76 ** <1
After CPB 2.37 / 1,38 7.51 ** 6.33 * 4.00 * 8.09 **

Note:  *  =  R< .05,  **  =  R< .01,  ***  =  R< .001.  For the midline electrode positions
(Fz,Cz,Pz) the multivariate F-values for the Stimulus probability x Electrode position interaction
are  given  in the lower  part  of this Table, while  for the lateral electrode positions  (C5,C6)  the
multivariate F-values for the Stimulus probability x Hemisphere interaction are given.
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Figure 8-2.  Mean PlNI  and NlP2 amplitudes  (in BV) for frequent  (dark) and infrequent
(light)  tones from the midline electrode positions for each recording period.  Baseline  =
Preoperative recording period, Before = Before CPB, Start = Start CPB, End = End
CPB, After = After CPB.
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Table 8-3. Electrode-position and Hemisphere effects for the peak amplitudes of the
different ERP waves recorded during the distinct recording periods.

Preoperative Before CPB Start CPB End CPB After CPB
(N=38) (N=34) (N=33) (N=33) (N=39)

Pl     Cz>Fz>Pz *** Cz > Pz > Fz *** Fz/Cz > Pz *** Fz/Cz > Pz ** Ch>Foz *1*
ri >le *** ri >le *** nsri>le *** ri > Ie  ***

PIN1 Cz/Fz > Pz ***
Cz/Pz > Fz  ***                 ns ns Cz/*2> Rz 44

ri>le *** ri>le  *** ri > le  *** ri >le *** ri>ie  ***

Nl P2 Cz/Fz>Pz *** Cz>Fz/Pz *** Fz>Cz>Pz *** Fz>Cz>Pz *** Cz>Fz>Pz
***

ns ns ns ri >le  *** ri>le  ***

P345 C z>F z>P z  **              x                                      x                                      x                                      x

ns                                          x                                            x                                            x                                            x

Note. *  =p<.05, **  =p<.01, ***  =p<.001, ns: not significant, x: not calculated, ri right
((6), le: left ((5) Description of the electrode position effects are derived from inspection of
the mean amplitudes.   > : more positive for P l,N l P 2 and  P345  but more negative  for PlN 1.

Pre-operatively recorded ERPs of 38 patients were analyzed. For one patient it
was not possible to administer the pre-operative oddball task because of limited
time and for another patient the results were omitted because of inaccurate
stimulus presentation. A clear Pl-Nl-P2 complex could be observed in the  ERPs
to both the frequent and infrequent tones. Stimulus probability did affect P 1 and
PlNI amplitudes, showing larger amplitudes for the infrequent tones. The
latencies   of  P l,N l   and   P2 were significantly longer   for the infrequent tones
compared to those  for the frequent tones (see Table  8-4). A prolonged positivity
could be observed exclusively in the ERPs to infrequent tones (see Figure 8-1).
As a result, the mean amplitude in the 270-420 msec time-window was
significantly more positive for the infrequent stimuli than for the frequent stimuli
(F(1,27)=46.88, p<.001). This positivity had a central dominance and probably
corresponds   to   the P3a. Similarly, the prolonged duration   of   the   N l    for
infrequent tones might result from an added negativity, possibly corresponding
to the MMN.

During anesthesia Pl-Nl-P2 waveforms were present for both the frequent and
infrequent tones.   PlN 1   and  N 1P2  amplitudes were larger for infrequent  than
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frequent tones during all intraoperative recording periods (see Figure 8-2). These
amplitude differences were most apparent on Fz and Cz electrode positions, as
could be revealed from significant Stimulus probability x Electrode position
interactions (see Table 8-2). Significant effects of stimulus probability  on  peak
latencies were found exclusively  for  Pl   at  the  end  of  CPB  (F(1,32)=10.64,
p < .01), showing shorter Pl latencies for the infrequent stimuli (see Table 8-4).

Table  8-4:   Mean  Pl,   Nl   and  P2  latencies   (in  msec)  from   Cz  for  the  frequent  and

infrequent stimuli.

Recording ERP Frequent Infrequent

Period peak Stimuli Stimuli

Preoperative     Pl          34 (13) 38 (16) *
Nl 107 (11) 117 (14)

***

P2        206 (25) 226 (32) **

Before CPB      Pl          85 (27) 76 (26)
Nl 216 (39) 202 (45)

P2         356 (37) 360 (47)

Start CPB       Pl          71 (19) 69 (27)
Nl 201 (49) 213 (45)

P2        365 (52) 363 (55)

End CPB        Pl          88 (23) 71 (36) **

Nl 201 (47) 205 (53)

P2        353 (57) 365 (49)

After CPB       Pl          82 (18) 76 (26)
Nl        216 (54) 213 (51)
P2        358 (55) 355 (53)

Note. Standard Deviations are given in parentheses. Note that the standard deviations were
generally larger during surgery than before surgery.  *=p<.05,  **  =p<.01.  ***  =p<.001

Differences between ERPs recorded before the operation and before CPB
For 32 patients differences between ERPs recorded before the operation and
before CPB (the first intraoperative recording period) were analyzed. Separate
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MANOVAs were carried out for midline and lateral electrode positions. Effects
of recording period on ERP amplitudes are summarized in Table 8-5 (left two
columns).  To  test true differences in midline scalp distribution, the analysis  was

also performed with normalized data, computed by dividing the obtained
amplitude measures by the square root of the sum of squared amplitudes over all
three midline electrode locations [McCarthy and Wood, 1985]. Relative changes
in peak amplitudes involved with the transition to anesthesia are visualized in
Figure   8-3.   In this figure   the mean amplitudes  of the preoperative recordings
were taken as the 100 percent level.

Table 8-5:  Multivariate F values for the factor  recording period and for the Recording
period  x  Electrode  position  (Fz,   Cz,   Pz)  and  Recording  period  x  Hemisphere   ((5,   (6)
interaction for  Pl,  PINI  and  Nl P2  amplitude.

Preop. vs Before CPB Intraop periods
(N=32) (N =26)

Midline Lateral Midline Lateral

Recording period
df = 1,31 df = 1,31 df = 3,23 df = 3,23

Pl 13.95 ** 9.90 ** 1.37 <1
P1Nl 7.64 * 22.90 *** 5.54 ** 1.91

NlP2 1.10 14.68 ** 8.59 ** 6.64 **

Recording period x Electrode position / Hemisphere interaction
df = 2,30 df = 1,31 df = 6,20 df = 3,23

Pl             4.26 * 8.16 ** 3.70 * <1
P1Nl 27.45 *** 26.21 *** 10.84 *** <1
NlP2 13.45 *** <1 9.68 *** 1.36

Note:  *  = p< .05, ** = p <.01, *** = p<.001. The left two columns present MANOVA
results  for data obtained before the operation and before  CPB. The right two columns present
MANOVA results for data obtained within the four distinct intraoperative recording epochs. For
the midline electrode positions (Fz,Cz,Pz) the multivariate F-values for the Recording period
x Electrode position interaction are given in the lower part of this Table, while for the lateral
electrode positions  (C5,C6) the multivariate  F-values  for the Recording period x Hemisphere
interaction are given.

Relative   to the preoperative recordings    both   P 1    amplitude   and   P 1    latency
(Midline: F(1,31)=151.58, p<.001; Lateral: F(1,31)=157.55, p<.001)
increased during anesthesia. Concerning the midline electrode positions, the Pl
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amplitude increase was the largest for Pz and the smallest for the Fz electrode

position (see Figure 8-3). For Pl latency the opposite effect was observed: Pl
latency increased the most at Fz and the least at Pz (Recording period x Electrode
position: F(2,30)=6.52, p<.01). The difference in amplitude increase for the
distinct electrode positions resulted in a change in Pl scalp distribution. Before
the operation Pl had a fronto-central maximum whereas before CPB it had a
centro-parietal maximum. The Recording period x Electrode position interaction
remained significant after normalization    of   data    (F(2,30) = 3.37,   p < .05),
suggesting a true difference in Pl scalp distribution. The right hemisphere
dominance of Pl was larger during anesthesia than before anesthesia.

P1
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Figure 8-3: Relative amplitudes for Pl (solid line), P1Nl (dotted line) and NlP2
(dashed line)  recorded before  cardiopulmonary  bypass,  displayed in percentages  of the
preoperative values. Percentages below 100 mean a decrease with respect to the
preoperative values and vica versa.

PINt was clearly affected by anesthesia, showing smaller amplitudes during the
operation. At Fz and Cz electrode positions P1Nt amplitude decreased to
approximately  50  and 75 percent  of the preoperative values respectively.   At  Pz
P lN 1  showed a slight increase in amplitude (see Figure  8-3).  As a result PlN 1
scalp distribution changed from fronto-central before the operation towards

centro-parietal during anesthesia. Because the Recording period x Electrode
position interaction remained significant after normalization of data
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(F(2,30)=25.90, p< .001),  it reflects a true difference  in P l N 1 scalp topography.
A Recording period x Hemisphere interaction revealed that the right hemisphere
dominance of PlN 1 was larger during anesthesia than before anesthesia. Nl
latency was prolonged during anesthesia (Midline: F(1,31) =346.29, p <.001;
Lateral: F(1,31) =213.11, p < .001), particularly at Cz and Pz electrode positions
(Recording period x Electrode position:  F(2,30)= 17.59, p < .001).

N 1 P2 amplitude decreased during anesthesia  at the lateral electrode positions  but
not at the midline electrode positions. A Recording period x Electrode position
interaction revealed a change  in  N 1 P2 scalp distribution  from the awake  to  the
anesthetic state (normalized data:  F(2,30) =9.12, p< .01). Before the operation
P2 had a fronto-central dominance, whereas before CPB P2 had the largest
amplitudes at Cz. P2 latency was prolonged during anesthesia (Midline:
F(1,31)=506.48, p< .001; Lateral: F(1,31)=277.00, p< .001).

ERP differences between the intraoperative recording periods
Additional analyses were performed to examine ERP differences between the four
intraoperative recording periods  (N =26).  This  was  done  for the midline  and
lateral electrode positions separately (see Table 8-5 right two columns).    P l
amplitude remained approximately the same during the operation. Its midline
scalp distribution varied slightly during this period. Pl latency varied during the
operation at the midline electrodes, showing shorter latencies during CPB than
before and after CPB (F(3,23)=3.39, p< .05).

P1Nt amplitude obtained from the midline electrode positions varied during the
operation. The amplitude variation was different for the distinct electrode
positions (F(6,20) = 10.84, p < .001) and type of stimuli (F(3,23) =4.72, p < .05).
In general, P1Nt had the largest amplitude before CPB. From the start of CPB
P1Nt remained approximately the same with a slight decrease in amplitude after
CPB. The P1Nl amplitude obtained from the lateral electrode positions did not
change during the operation.    N 1 latency showed no variations during   the
operation.

NlP2 amplitude also varied during the operation. In correspondence with PIN 1,
NlP2 had the largest amplitude before CPB and smallest amplitude after CPB.
N 1 P2  had a different midline scalp distribution during  CPB than before  CPB  and
after CPB which especially held for the infrequent stimuli (three-way interaction:
F(6,20)=7.75, p<.001). There were no significant effects on P2 latency during
the operation.
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Table 8-6. Correlation coeficients between propofol and alfentanil plasma levels and
ERP peak amplitudes and latencies during the periods before  (N=31),  during  (N=60),
and  after   (N= 31)   Cardio  Pulmonary  Bypass   (CPB).

PROPOFOL
Before CPB During CPB After CPB

ERP peak        Fz        Cz         Pz           Fz         Cz         Pz           Fz          Cz        Pz

Pl lat. .3286* -.0321 .0404 .0309 -.0542 -.1291 .2694 -.0710 -.1959

Pl ampl. .1860 .1426 .1282 -.1177 ..2799* -.1940 -.0005 -.2035 -.1957

N l lat. .0242 -.0647 -.0091 .0448 -.1713 -.0932 -.0719 -.1256 -.1803

P1 Nl ampl. .0374 .0952 -.0198 .0852 .2261* 1569 .1183 .1714 .1371

P2 lat. -.1809 -.0948 .0736 .3199** .3806** .2298* -.1926 -.1667 -.0422

NlP2 ampl. -.1932 -.1920 -.1214 .2011 .1157 .0418 -.1100 -.0188 .0826

ALFENTANIL
Before CPB During CPB After CPB

ERP peak        Fz        Cz         Pz           Fz         Cz         Pz           Fz          Cz        Pz

Pl lat. .0274 -.3775* -.3379* -.0480 -.1050 -.0692 .2535 -.2045 -.2682

P 1 ampl. .1275 -.0526 -.1187 -.0226 .0531 .1392 .0356 -.1050 -. 1947

N 1 lat. .1066 .1141 .1205 -.1076 -.0418 -.0668 -.1028 -. 1279 -.0504

P1Nt ampl. .1427 .1034 .0842 .1578 .0537 -.0255 . 1243 .0834 .1033

P2 lat. -.0677 .0256 -.2205 .0233 .0795 .1066 -.1773 -.1386 -.2884

NlP2 ampl. -.2617 -.2029 -.2061 .0733 .0042 -.0391 -.0791 -.0013 .0436

Note: *=p<.05,** =p <.01

Correlation ERP parameters and Propofol-Alfentanil plasma levels
Correlations were calculated between ERP amplitudes and latencies obtained from
the midline electrode positions and the logarithm of propofol and alfentanil
plasma levels. Only those ERP measurements were included when bloodsamples
were taken not more than two minutes before the start of a measurement or not
more than two minutes after the end of a measurement. Typically, the
bloodsamples were taken during the ERP recording.  Mean time between sample
taking and start  or  end of recording  was  9.4   sec   (SD =25.2). Because  CPB
disrupts both pharmacokinetic and pharmacodynamic processes [G.N. Russell,
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1991], separate correlations were calculated for the period before CPB, the
period during CPB and the period after CPB (see table 8-6).

Overall analysis, incorporating the total number of measurements across all
recording epochs, revealed that P2 latency at Cz correlated with propofol blood
levels (r=.2295, p <.05), having somewhat longer latencies with higher propofol
concentrations. From the separate analysis it became evident that before CPB Pl
latency increased with higher concentrations of propofol at the Fz electrode
position. During CPB low but significant correlations with propofol concentration
were found for Pl amplitude (Cz), P1Nt amplitude (Cz), and P2 latency (see
Table 8-6). Because P1Nl is defined as a negative amplitude, these correlations
indicate that both Pl and PINt had smaller amplitudes with higher propofol
concentrations. Alfentanil was found to correlate slightly with Pl latency (Cz:
r=-.1592,  p < .05).   From the separate analyses it became evident  that  this
correlation was most manifest before CPB showing shorter latencies at Cz and
Pz with higher concentrations of alfentanil.

Correlation ERP parameters and nasopharyngeal temperature
Patients were slightly or moderately cooled during CPB, depending mainly on the
type of operation and surgeon  on  duty.   For 16 recordings the nasopharyngeal
temperature was unreliable due to superficial intrusion and were therefore
excluded from further analysis. For the other recordings the mean nasopharyngeal
temperatures were calculated by averaging the values obtained every 10.24 sec
over the entire ERP recording epoch. Correlation analyses revealed low but
significant correlations between mean nasopharyngeal temperature and all ERP
measures (see Table  8-7). With increased temperatures latencies became longer
and amplitudes became larger.

Incidence of ERPs during anesthesia
By using our previously formulated criteria 44 from the 176 recordings were
judged as containing a recognizable   P 1 -Nl -P2 complex   (25 %).   Most of these

recognizable ERP waveforms were recorded before   CPB. The percentages   of
reliable  ERPs  in each recording period  were  53 % before  CPB,   18 %  at the start
of CPB, 33 %   at  the  end  of  CPB,  and  21 % after CPB. Figure 8-4 shows  the

grand averages for the positively and negatively classified ERPs and some
individual examples of each category. Note that there is a large inter-subject
variability in latency and slope of the different peaks and in the effect of stimulus
deviance. Furthermore, the averaging procedure clearly has had a "smoothing"
effect on the waveforms as well as on the differences due to stimulus deviance.
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Table  8-1.  Mean  nasopharyngeal  temperature   (in  °C)  during  the  different  recording

periods and correlations with ERP amplitudes and latencies

Period Mean (SD)

Before CPB 35.01 (1.05)
Start CPB 33.51 (2.12)
End CPB 34.70 (2.23)
After CPB 35.16 (1.62)

ERP peak latency amplitude
Fz      Cz      Pz       Fz      Cz      Pz

Pl          .2824*** .1995** .1890** .1439* .1887** .2116**

P1Nl .2406** .2266** .3481*** -.1635** -.1995** -.3066***

NlP2 .2244** .3030*** .3478*** .2413** .2537** .2750***

Note: * = p<.05, ** = p<.01, *** = p<.001.

Concentration of propofol was similar between periods in which recordings
contained a clear ERP  (2.29  Bg/1,  SD = 1.34) and those containing no clear  ERP

(2.00 Bg/1, SD=O.75) (t= 1.50, df=41.1, p=.247) Alfentanil blood levels were
also not significantly different for recordings containing an ERP (459 ng/1,
SD = 145) and those containing  no  ERP (436 ng/1,  SD=124)  (t=-.88,  df= 122,
p =. 378). Nasopharyngeal temperature was slightly higher during the recording

of  credible   ERPs   (34.8   C°,   SD =2.31) than during the recording   of   non-
recognizable ERPs (33.9 C°, SD=2.23) (t=1.94, p=.054). In twelve patients
no clear ERPs could be recorded during any of the intraoperative recording

periods (30%). These patients did not differ from the other patients (N =28) with
respect to age (t=0.67, df=38), anxiety score (t=0.62, df=37), duration of
operation (t=0.79,  df=38) and duration of CPB (t= 1.28, df=38), Additionally,
they  did  not  show any specific impairments the morning after surgery.
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according  to  our  criterium  (see  text).  Below:   Examples  of  individual  waveforms  obtained

from eight diferent patients which were judged as clear ERPs  (left) or no clear ERPs
(right).
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8.5 Discussion

In agreement with our preliminary study [Van Hooff et al.,  1995], ERP waves
could be observed during anesthesia up to 500 ms after stimulus onset. This
suggests that auditory information not only arrived at the cortex but was also
processed up to a certain level of cognition, at least in a number of patients.
Furthermore, the increased latencies of Pl, Nl and P2 indicated a general
slowing of perceptual processing. The morphology of the intraoperatively
recorded ERPs differed from those recorded in the awake state, but comparable
changes in early ERP deflections are reported in sleep research [e.g., Campbell
et al., 1992; Nielsen-Bohlman et  al., 1991; Winter et  al.,   1995]. This suggests
possible parallels in the mechanisms underlying primary auditory processing in
both  states of diminished arousal levels. During anesthesia  PlN 1   and  NlP2
amplitudes were larger for the infrequent tones compared to those for frequent
tones, which may reflect a preserved ability to detect stimulus deviance. In
contrast to the tones, one-syllable words did not elicit a clear ERP waveform,
suggesting that more complex acoustic stimuli might not be processed during
anesthesia.

During anesthesia  N 1   amplitudes were found  to be attenuated  to near baseline
levels. This was only partly due to the simultaneous increment of the Pl, because
Nl was measured with respect to this preceding peak instead of to the
prestimulus baseline.   The  N 1   attenuation is presumably the result  of a minimal
arousal level, consistent with its gradual decrease at sleep onset [Ogilvie et al.,
1991;   Winter et al.,1995]   and its small amplitude during stage II-IV sleep
[Campbell et al., 1992; Nielsen-Bohlman et al.,  1991] and sufentanil anesthesia
[Plourde et al.,  1993].  The Nl  wave does not reflect a single underlying process.
Both stimulus-specific and stimulus-nonspecific generators contribute to the scalp-
recorded  N 1   [Natiuinen and Picton, 1987]. Motivation or attention may increase
the action of the nonspecific generators, whereas drowsiness or sleep may
decrease this nonspecific activity. Natitanen and Picton  [1987] have interpreted
these types of changes in terms of arousal and modulation of sensory sensitivity.
In line with this reasoning it is possible that propofol and/or alfentanil have
selectively controlled the non-specific generators  of  the  N l. This suggestion  is
supported by studies examining changes  in the auditory N 1 after intake of small
doses of hypnotic drugs. For example, Wolpaw and Penry [1978] reported that
ethanol decreased the amplitude  of the vertex  N 1  wave  but  did not change  the
amplitude of the temporal T-complex. More recently, Pang and Fowler [1995]
found that sub-anesthetic doses of nitrous oxide had a dose-dependent effect on
the Nl evoked by the first stimulus in a brief train, whereas the Nl responses of
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the following stimuli remained unaffected. These results were taken as evidence
that the non-specific  N 1  sub-component is particularly sensitive to drug-induced
sedation. Furthermore, considering its presumed relationship with attention-
triggering processes [Naadnen and Picton,   1987], the presence  of  such   non-
specific negativity may be a necessary condition for awareness. It therefore seems
unlikely that in the current study the intraoperatively presented stimuli have
reached consciousness.

The nonspecific contribution to the N 1 response may parallel the 'waking

Processing Negativity (wPN)' described by Campbell et al. [1992]. These authors
suggested that a long duration negative wave (wPN) may overlap the awake ERP
waveform. This negativity, occurring 25 to 200 ms after stimulus onset, is
believed to be associated with attention mechanisms. Sleep may remove this
negativity, causing  N 1   to  be near baseline values  and  Pl   and  P2 to increase

apparently in amplitude. A similar phenomenon may have occurred during
general anesthesia and may have been responsible also for the induced changes
in  Pl,  Nl  and P2 scalp distribution. According to these changes, the removed

negativity should have had a frontal or fronto-central maximum. In addition,
because the right hemisphere dominance    of    P 1     and    N 1 increased during
anesthesia, it may be hypothesized that the processes reflected in this non-specific
negativity have differentially affected the activity of the right and left
hemispheres.

In the awake state evidence for differential processing was present as a larger and
seemingly prolonged Nl for the infrequent tones. Additionally, a sustained
positivity following P2 was exclusively present for these type of stimuli. These

effects may have resulted from the addition of a MMN and P3a respectively.
However, the differences with the ERPs for frequent tones were not very large,
probably because the attention of the patients was very well distracted due to the
fact that they were awaiting an important operation. Furthermore, inspection of
the individual traces revealed that some patients showed predominantly an
enlarged  N 1 whereas others showed mainly a small P3 response.

During anesthesia, PtNI and NlP2 amplitudes were larger for frequent than
infrequent tones. This may imply a sustained ability to respond differently upon
tones with different pitch and occurrence frequency. It remains to be addressed,
however, whether these amplitude differences reflect genuine detection of
stimulus deviance or were due to selective refractoriness. With respect to Nl, the
first interpretation would assert that the  N l  enlargement for infrequent tones  may
have resulted from the addition of a MMN, reflecting the pre-perceptual detection
of stimulus change [Nuatdnen and Picton, 1987]. Arguments in favor  of  this
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interpretation are the presumed attention-independence of the MMN and the
presence of a comparable process in the preoperative recordings. Additionally,
the prominent overlap  with  the  Nl deflection might be explained  by the large
difference in tone pitch employed in the current study, putting forward the onset

of the MMN [cf., Ford et al., 1976; Sams et al., 1985]. Furthermore, a rather
early onset of the MMN  has also been reported during drowsiness [Winter et al.,
1995],  stage II sleep  and REM sleep [Campbell  et  al., 1992], suggesting  that  a
premature onset might be related to particular states of reduced arousal level.
Moreover, in the study of Campbell et al. [1992] the claimed MMN seems even
to start before onset  of N l, which  is in agreement  with our results (see Figure
lc and ld). For these reasons it is tempting to suggest that a small MMN might
have been present during general anesthesia. However, the alternative
interpretation concerning differences in refractoriness effects for frequent and
infrequent tones cannot be ruled out completely on the basis of the current
results. Further research is therefore needed to clarify the exact nature of the N 1

amplitude differences.

During anesthesia also the P2 wave was found to be larger for the infrequent
tones than for the frequent tones. The same phenomenon has been reported to be

present during stage II sleep [Harsh et al., 1994; Nielsen-Bohlman et al.,  1991;
Winter  et  al.,   1995],  but its origin and functional significance are unknown.
Winter et al. [1995] considered it unlikely that the increase of this early positive
peak would be equivalent to the P3a observed during wakefulness, but they
remained also indecisive whether it paralleled the awake  P2. In contrast, Harsh
et al. [1994] found no sufficient support in their data to rule out the possibility
that the P2 increase may reflect the same process underlying the P3a in awake

subjects. During sufentanil anesthesia Plourde et al. [1993] observed a fronto-
central positivity for infrequent tones around 290 ms post-stimulus which they
identified as a P3a. The claimed P3a was of small amplitude and showed
considerable overlap with the preceding P2 deflection but could be distinguished
as a separate wave in at least some situations. From these descriptions it becomes
apparent that the identity of the process underlying the increased positivity for
infrequent stimuli remains as yet unidentified. However, it is important to note
that during stage II sleep the P2 increase for deviants has been found to be
sensitive  for the magnitude of stimulus deviance [Winter  et  al..   1995]  and  the
type of instruction given (attend versus ignore) [Harsh et al., 1994]. These results
and the fact that a similar P2 effect could not be observed during the awake state
suggest that the P2 increase for infrequent stimuli cannot solely be explained by
differences in refractoriness. Consequently, it might be possible that some of the
neural mechanisms underlying sensory discriminative processing remain active
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during anesthesia, at least in those patients for which a clear P2 difference could
be observed.

The words, presented as novels during the oddball tasks administered before CPB
and at the end of CPB, did not provoke clear ERP waveforms. This may be due
to the physical characteristics of the Stimuli Or to the patients' anesthetic state.
Compared to tones, spoken words are more variable in duration and intensity
patterns, causing larger variance in the single trial ERPs. In addition, words have
a longer rise-time, which is known to affect N 1 amplitude [Loveless and Brunia,
1990]. These factors  may have negatively influenced the recording  of ERPs  in
response to words. However, the same set of words has elicited clear ERP
waveforms in the awake state, albeit in another task situation [Van Hooff et al.,
1995; Van Hooff et al.,   1996]. The patients' anesthetic state seems therefore  the
crucial factor, either because it has complicated ERP recording and extraction or,
more likely, because it has prevented the processing of more complex acoustic
stimuli.

Significant but low correlations were found between propofol plasma levels and
P2 latency and between alfentanil plasma levels and P 1 latency. Furthermore,
propofol plasma levels were found to correlate with Pl  and Pl Nt amplitudes, but
exclusively during CPB. Before CPB, propofol concentration correlated with Pl
latency at Fz. Apparently, the relationship between anesthetic concentration and
ERP parameters was not straight forward. Physiological processes involved in
drug absorption, distribution, metabolism, and elimination may have all played
a role in establishing the final effects of propofol and alfentanil. This is illustrated
by the fact that dissimilar results were obtained during CPB, which is known to
affect the above mentioned processes [G.N. Russell,   1991]. In conclusion,  ERP
measures seem not to be reliable indicators of anesthetic plasma concentrations.

Nasopharyngeal temperature was found to affect all measured ERP amplitudes
and latencies but the computed correlations were very low. This might be due to
the slight or moderate cooling procedures employed during the operations,
generating only a small variability in temperature. Much higher correlations have
been found between AEP brainstem components and nasopharyngeal temperature
[Markand  et  al.,   1984] and between AEP midlatency components  and  body
temperature [Kileny  et  al.,   1983]. The observed effects in these studies  were  a
progressively delay in peak latencies and more variable or reduced response
amplitudes with decreasing temperatures. They were explained by the fact that
hypothermia increases the action potential duration, reduces the nerve-conduction
velocity and impairs synaptic transmission, producing a slower, less effective
neural activity.   In the current study,  Pl   and  Pl N 1 amplitudes showed  also  a
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reduction in amplitude with decreased temperatures. However, temperature
effects  on P l,N l  and P2 latency showed a reversed tendency as those reported
for earlier AEP components. We have no sufficient explanation for this results
but it may have to do with the limitations of the peak-picking procedure.

Twenty-five percent of all recordings was judged to comprise a recognizable  P l-
N 1-P2  complex.  Most of these clear ERP responses were recorded before  CPB
suggesting that this period may be particularly critical with respect to the
occurrence of auditory processing, presumably related to the high degree of
surgical stimulation during this period. Furthermore, the relative high incidence
of ERPs before  CPB may account  for the larger  Pl N 1   and NlP2 amplitudes
obtained during this period compared to those obtained during the other
intraoperative recording periods. The number of patients showing no clear ERP
response during any of the intraoperative recording periods is relatively small
(30%). This contradicts the common opinion that auditory processing during
anesthesia only rarely occurs. Furthermore, it justifies the search for
intraoperative in addition to postoperative measures of information processing.
The overall presence of ERPs appeared to be relatively independent of the
anesthetic concentration or operation- and patient- characteristics. The presence
of ERPs may depend on more subtle (neuro) physiological changes during the
anesthesia period. Identification of measures reflecting these changes is important
for clinical practice in order to derive early indicators for information processing
which can be used for routine monitoring of anesthesia. This topic is being
addressed  in our further research  [De  Beer  et  al., in press-c].

Conclusion
In conclusion, this study has shown interesting similarities between early ERP
responses recorded during sleep and anesthesia. This suggests possible parallels
in the mechanisms underlying perceptual processing during drug-induced and
natural states of diminished arousal levels. Furthermore, it is suggested that
recording of ERPs during anesthesia is valuable for clinical practice, providing
a tool for demonstrating intraoperative perceptual processing at the moment that
it might occur.
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9

EVENT-RELATED POTENTIALS AND POSTOPERATIVE
MEMORIES: LACK OF EVIDENCE

9.1 Abstract

The utility of Event-related potentials  (ERPs) to detect traces of intraoperatively
presented material was studied in patients undergoing cardiac surgery with
propofol/alfentanit anesthesia. The applied procedure was based upon the
assumption that words which are presented during surgery would gain special
significance for the patients if they are perceived, either with or without
awareness.    This    quality    would   make    these    intraoperatively    presented   words
distinctive from not-presented words.  creating the possibility  of eliciting a P300-
like component during a postoperative yes/no recognition task administered in an
oddballformat.  However,  in contrast  to our preliminary  results  IVan Hooff et at.,
19951 evidence for memories for intraoperatively presented words could not be
found on the basis of P300-responses, nor on the basis of prolonged reaction-
times  or  higher  rates  of accidental  recognition  responses.  This  suggests  that  the
anesthetic agents might have effectively prevented encoding and/or retention of
the presented words. Alternatively, it is also possible that the applied ERP-based
procedure was not sensitive enough to detect memories outside awareness.

9.2 Introduction

Experiments using implicit or indirect memory tests have demonstrated that
encoding and registration of intraoperatively presented material may occur outside
awareness  [for an overview, see Andrade, 1995; Ghoneim and Block,   1992].
However, negative results have been reported as well [Bonebakker et al.,  1993;
Cork et al., 1992; Jelicic et al., 19938] and the overall picture is that of many
inconsistent results. A more detailed examination of the processes underlying the
obtained effects is therefore required. The current study was performed  to
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investigate the utility of Event-related potential (ERP) measures to detect traces
of intraoperatively presented words in absence of conscious recollection. An
important reason for using ERPs is that they can provide supplementary
information about the way in which information is processed in a particular task.

Intraoperative memories
Most patients recover from general anesthesia with no recollection of that
experience. However, this does not necessarily exclude the possibility that some
intraoperative events are perceived and stored in memory. Cheek [1959] and
Levinson [1965] were among the first who draw attention to this possibility,
showing that patients, under hypnosis, could recall conversations and incidents
that had happened during their operation. In following studies it has been shown
that the patients' postoperative behavior could be influenced by messages

presented during surgery. For example, Bennet et al.  [1985] and Goldmann et al.
[1987] reported that patients who had been played intraoperative suggestions to
touch a specific body part in a postoperative interview (ear and chin
respectively), did so more frequently than a control group. These studies,
however,  have been criticized on methodological grounds [e.g., Ghoneim  and
Block, 1992], dealing with the facts that differences between the experimental and
control group were predominantly the result of the extreme reactions of only a
few patients and that baseline measures of the target behaviors were missing.

More recent studies using indirect or implicit memory tests have demonstrated
more valid evidence for preserved memory functions. These tests do not require
an explicit or conscious reference to a prior study episode, but instead assess

memory by measuring beneficial effects of recent experiences on subsequent task
performances, i.e., reaction time facilitation, increased accuracy, or preference
of a response [Schacter,  1987]. For example, Roorda-Hrdlickova  et al.  [1990]
showed that patients who were given four target words during anesthesia were
more inclined to generate these words as exemplars in a category association task
than patients who were given seaside sounds. This result has been replicated by
Jelicic et al. [19923] using the same stimulus material but a different anesthetic
procedure. Despite these positive results, a possible drawback of these types of
tasks -- using a few single words as target material -- is their reliance on a very
difficult selection of suitable stimuli. This is illustrated by the fact that Block et
al. [1991] and Bonebakker et al. [1993] have not found any memory effects using
the  same  type  of task but other word categories and less-common exemplars.

Additionally, Block et al. [1991] did find evidence for preserved memories in the
same  patients  as just mentioned  when  a word completion  task  was  used,   i.e.,
after surgery these patients completed three-letter strings more often to words
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from a list that had been played during their operation than from a control list.
Apparently, results from implicit memory tests are at least partly dependent on
the choice of target material and the type of task used. Furthermore, in the light
of explaining effects,  it is disadvantageous that results from these tests are usually
evaluated as all-or-none phenomena, providing no indications of which processes
might have been responsible for the described effects. Besides that, the described
measures and procedures allow only inferences about differences between mean
group results, discarding individual variance. Especially in research fields in
which it is tenable that only certain individuals are vulnerable and in which ill-
defined conditions, such as the state of anesthesia, exist, averaged group results
are  considered not particularly informative [Millar,   1993].

In order to solve these problems, reliable measures should be provided that (i)
are less susceptible to the choice of stimulus material, (ii) can identify more
precisely the differences between no, implicit or explicit memories, and (iii) can
be used in single-subject analyses. ERPs might be likely candidates because of
their close relationship to encoding and retrieval processes and their time-
resolution  on the order of milliseconds.   ERPs and endogenous components   in
particular have shown more or less consistent effects across different task
manipulations, depending only slightly on the stimulus material used.
Furthermore, large stimulus-sets are normally used in memory and incidental
learning studies which are counter-balanced across subjects. An additional
advantage of ERPs is that on the basis of onset and peak latencies of the
distinguishable peaks, estimates can be made on the timing of the processes under
investigation. On the basis of ERP scalp-distribution estimations can be made
about which brain areas may underlie task performance. Also with respect to
single-subject judgements, ERPs may add to behavioral measures because they
can be easily applied to individual assessment techniques such as the bootstrap
procedure [see Wasserman and Bockenholt,   1989].

ERPs as indirect measures of memory
The suggestion to use ERPs as indirect measures of preserved or concealed
memories has been derived originally from deception detection studies. Farwell
and Donchin [1986, 1991] and Rosenfeld et al. [1991] have shown that it was
possible, on the basis of ERP responses, to correctly identify material that was
familiar to a person, even when subjects provided no behavioral indication of
having encountered such material. In these studies critical "guilty" items appeared
less frequently than non-relevant items and could therefore be considered oddball
targets. The rationale was that if subjects would have guilty knowledge these
items would stand out as different and elicit a P300-like component. With the aim
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to extend this type of research to areas beyond lie-detection, Allen et al. [1992]
have demonstrated that comparable results could be obtained when stimuli were
used that were not associated with "crimes" or antisocial acts. Nevertheless, their
subjects were still asked and encouraged to hide the fact that they had knowledge
about a earlier learned list of words. The necessity of such a deception instruction
for finding differences between learned and unlearned material has been
investigated  in our previous study [Van Hooff et al.,  1996]. In addition,  with the
final intention to use a comparable procedure for investigating intraoperative
memories, auditory instead of visual material was used and a one-day interval
between learning and testing was included in this study. In short, subjects were
instructed to indicate recognition of recently learned words in three successive
yes/no recognition tasks. The recently learned target words were presented along
with unlearned words and along with previously learned words which both
required a non-recognition response.  The recently  learned words as well as the
previously learned words elicited a centro-parietal positivity (P300) which was
larger than the positivity elicited by the unlearned words. This implied that during
a certain period of time once-learned words maintained the ability to provoke a
recognition reaction in the brain which to some extent appeared to be independent
of the type of response given. A deception instruction appeared to be no
prerequisite to obtain these results. However, because most subjects were able to
recall the learned words after completion of the tests, the question of whether or
not the procedure would also be applicable to situations in which subjects are
unaware of previously presented material remained  to be answered.

Indications for an affirmative answer to this question can be derived from a study
of Bentin  et  al. [1992], examining the relationship between  ERPs and traces  in
memory. The authors reported namely that during a recognition task P300s
evoked by previously presented words but which were misclassified as new were
nonetheless larger than those evoked by genuinely new words. In addition,  in  a
subsequent lexical decision task the amplitude of P300 appeared to be sensitive
to the number and recency  of prior exposures the evoking words had perceived.
Bentin et al. [1992] suggested that this P300 effect might reflect the "strength"
of a word's representation in a single memory system, subserving both explicit
and implicit memory. In correspondence, Renault et al. [1989] reported that the
P300 component recorded from a prosopagnosic patient was sensitive for the
occurrence-frequency of familiar faces despite the patient' s inability      to
consciously recognize them. Although distinct paradigms  were  used in these

studies, they demonstrated that ERPs in the latency range of the P300 component
might be reliable measures to indicate presence of information in memory for
which subjects do not report explicit recognition. Therefore, it would be similarly
possible to study preserved memories for intraoperatively presented material by
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means of an ERP-based procedure, possibly modelled after the one described
above.

The current experiment
Patients learned before their operation a list of five words, which were
subsequently tested for recognition. During their operation, two different lists of
five words each were repeatedly presented. The morning after the operation day,
patients participated in a yes/no recognition task. During this task, the
preoperatively learned words and the intraoperatively presented words were
presented together with unlearned words. The learned or presented words were
presented less frequently  than the unlearned words  (c. f., oddball task).  It  was
expected that the preoperatively learned words would be explicitly recognized and
would elicit a P300-like component. If a comparable P300 response could also
be observed for the intraoperatively presented words this would be evidence for
preserved memory functions. Other or additional indications would be higher
rates of accidental recognition responses and longer reaction times (RTs) for the
intraoperatively presented words  than  for the unlearned words. The rationale  of
this study was based upon the assumption that intraoperatively presented words
would gain special significance for the patients if they are perceived, either with
or without awareness. This characteristic would make them distinctive from
unlearned words, creating response uncertainty and the possibility of eliciting a
P300-like component when presented infrequently.

The experimental set-up has been previously tested in a small group of patients
[Van  Hooff et  al., 1995]. Indications for intraoperative memories were found  in
three out of nine patients, which supported the utility of the applied ERP-based
memory assessment procedure. However, because of the small number of
subjects in this previous study more evidence is needed to arrive at statistically
supported conclusions. With respect    to the preliminary study the current

procedure was slightly modified. First, the words were not presented as a list but
as atypical stimuli during two intraoperative oddball  tasks. The choice  for  this
presentation format was based upon the assumption that isolated words would be
better remembered than words that are presented successively ["isolation" effect;
Karis   et  al., 1984]. Additionally, it would allow   us to analyze intraoperative
ERPs in response to words and to compare them with those in response to
standard and deviant tones. Second, one of the intraoperative epochs during
which the words were presented has been shifted towards an earlier point in time
(from the start of cardiopulmonary bypass (CPB) to just before CPB), because
it has been found that Nl and P2 waves, reflecting early perceptual processes,
could be particularly obtained within this epoch [Van Hooff et  al., 1995]. Third,
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the response buttons were enlarged to make responding easier and to prevent
muscle tension before and during the response.

9.3 Method

Patients and Anesthesia
The study was performed at the Catharina Hospital Eindhoven, and was approved
by the local Medical Ethics Committee. Informed consent was obtained from 41
patients (7 females) planned for afternoon cardiac surgery. They were fully
informed about   the   aim and procedure   of the study. The postoperative   ERP
recognition test could be administered to 24 patients. Reasons for drop out were
high blood pressure, pain, nausea, late extubation, subjective complaints or
tiredness. Data from four patients had to be excluded from further analyses
because of an insufficient number of remaining trials for ERP averaging. Results
were therefore based upon data of 20 patients (2 females) with a mean age of 57
years (range 38-70 years). One of the patients was left-handed (self-report). Two
patients were scheduled for aortic valve replacement, the others were scheduled
for coronary artery bypass grafting.

Patients were premedicated approximately two hours before surgery with
subcutaneous morphine 10 mg. Total intravenous anesthesia with propofol and
alfentanil was used to induce and maintain general anesthesia. Propofol was
administered at an initial rate of 2 mg/kg and alfentanil 100 Bg/kg for the first
12 minutes. Then the infusion rates were decreased in steps every 10 minutes to
8 mg/kg/hr, 6 mg/kg/hr, and finally 4 mg/kg/hr, for propofol, and to 4
Bg/kg/min, 3 Bg/kg/min, and 2 Bg/kg/min, for alfentanil. The last rate for each
anesthetic was maintained 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).

Stimuli and Apparatus
During learning and test phases, one-syllable nouns were presented via
headphones  at a comfortable listening level (approximately  60  dB). The words
were spoken by a native male speaker of Dutch and recorded on a digital audio
tape. They were stored on an IBM-type 486 Personal Computer with a sample

frequency 20 KHz (12 bit resolution). The PC was provided with an LabMaster
AD/DA board so that it could be used for stimulus presentation, experimental
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control and data acquisition. All words started and ended with a consonant. The
words were comparable in duration (mean duration 489 ms), intensity and
occurrence-frequency in the Dutch language [Uit den Boogaart, 1975; see also
Van Hooff et al.,  1995].  They were divided into 12 different semantic categories
with five words in each category. It was believed that the link to a specific

category would provide the patients with an extra cue for recognition [c. f., Allen
et al.,  1992]. All categories contained three,  four and five or six letter words  of
which at least  four had different vowels or pairs of vowels. The preoperative
recognition test consisted of 9 or 10 blocks with different pseudo-random word
orders. The postoperative test consisted of 4,5 or 6 blocks, depending on the
patients' condition. In both tests, stimulus onset asynchronies varied between
1850 and 2300 msec. To prevent possible influences of an orienting response at
the beginning of a test-block, each block began with two out of six non-relevant
words, which were discarded from further analysis. In all blocks, each word was
presented only once. Two large push-buttons placed on two separate boards (0.25
x  0.15 m) served to detect the answers. The boards rested  on  the  lap  of  the
patients (preoperative  test)  or  on  the  bed  near  the hips (postoperative  test).   The
buttons could be pushed by softly moving some or all fingers.

During two distinct periods of the operation, five words from two different
semantic categories respectively were presented as atypical stimuli during an
oddball task. Seventy percent of the stimuli were standard 1000 Hz tones,  15%
were deviant 2000 Hz tones, and 15 % were the category words. The tones were

produced by 100 msec bursts of a digitally stored sine wave (rise/fall times 10
msec). All stimuli were presented binaurally via insert headphones (Nicolet Tip-
10, 70 dB SPL). The interstimulus interval (ISI) was 1044 msec. Depending on
the absence of electrosurgery, 400 to 600 stimuli were presented. Consequently,
each word was presented 12 to 18 times during anesthesia.

The Electroencephalogram (EEG) was recorded from Ag-AgC1 electrodes placed
at Fz, Cz, Pz and two lateral positions located midway between T3-C3 (C5) and
T4-C4 (C6) approximately over the auditory projection areas. Linked pre-
auricular points served as reference. Inter-electrode impedances  were  less  than
3 kQ. The EOG was recorded by three pairs of electrodes, two pairs for vertical
movements (supra and infra orbital ridges of each eye) and one pair for
horizontal movements (at the outer canthi). EEG and EOG signals were amplified
using a 14-channel Nihon Kohden electroencephalograph (time constant 6.6 s,
lowpass filter  -3 dB cut-off at  35  Hz). The amplified signals were digitized  on-
line   with a sample frequency  of   125 Hz (resolution   12   bit).   EEG   data   were
corrected for eye-movement artifacts off-line before further analyses [Van den
Berg-Lenssen et al.,  1989].
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Procedure

The morning before the operation, patients were instructed to memorize five
auditorily-presented words (List 1) from one of the following eight semantic,
relevant categories: "animals", "furniture", "forms of transportation",   "food",
"weather elements", "parts  of the body", "clothing" and "landscape elements".
The five words were presented repeatedly until the patients could produce the list
of words in the order presented and in reverse order. Next, the patients were
invited to participate in a recognition task, in which words of the learned
category were presented pseudo-randomly among words from the nonrelevant
categories "kitchen utensils", "means for storage", "green" and "parts  of  the
house". Because the learned words appeared less frequently   (p = .20)   than  the
unlearned words (p=.80), this recognition task was essentially an oddball task.
The patients' task was to respond as accurately and quickly as possible with their
dominant hand when they recognized the word presented as one of the words they
had learned (Yes-response) and with their non-dominant hand when they did not
(No-response).  The aim of this preoperative  test was,  (i) to acquaint patients  with
the stimulus presentation and response format, (ii) to teach patients a list of words
which after the operation would be used to test recognition, and (iii) to obtain a
baseline measurement for overt recognition  in an (relatively) attentive state.

Two of the remaining seven relevant categories were presented during two
separate periods of the operation, one just before the start of CPB (List 2) and
one   close   to   the   end   of  CPB   (List   3). The period before   CPB was selected
because our preceding study had shown that early ERP waves, reflecting primary
perceptual processing, could mainly be obtained within this period [Van Hooff
et al.,  1995]. The period at the  end of CPB was selected because this rewarming
phase is generally identified as a high-risk period with respect to awareness,
related to difficulties in achieving and measuring adequate depth of anesthesia
[G.N.   Russell,   1991]. The words were presented as atypical stimuli during
oddball tasks. The learned or presented categories (three together) were counter-
balanced across patients.

The morning after surgery, when patients had fully regained consciousness and
were able to communicate, a standardized interview was performed to test for
recall of intraoperative events [see Ghoneim and Block,  1992, p.283]. Following
authorization  of the staff  of the Intensive   Care  Unit   (ICU), the patients   were
asked whether they were able and willing to participate in a recognition task. It
was stressed that participation was on a voluntary basis. If patients agreed with
continuation of the study, the electrode impedances were checked and corrected
when needed during a short recovery period of about 15 minutes. The recognition
task was conducted in a separate recovery box on the ICU. During this task,
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words from the pre- and intra-operative lists were presented pseudo-randomly
among words from six unlearned categories. That is, each patient received the
same test with the same word order -- consisting of all eight relevant categories -
- but each patient had learned or received different lists of words before and
during their operation. Evidently, this test had also an oddball character.
Different test-blocks were presented as often as attainable for the patient, with a
minimum of four and a maximum of six blocks. The following instructions were
given to the patients: "As was the case before your operation, you will now hear
several series of words. In these series, 30 new words will be presented
intermixed with the 5 words that you had learned before your operation and 10
words which we have presented to you during your operation. Do you still know
the words that you had learned before your operation? Try to name them (short
pause). In the following test you have to press the button "YES" (dominant hand
is touched) when you know that you had learned the presented word or when it
seems, for whatever reason, very familiar to you, otherwise you have to press the
button "NO" (other   hand is touched).    Do not guess   and   try to respond   as
accurately and fast as possible; push always one of the buttons. "

Data analysis
Although in the following analyses repeated measures analysis of variance designs
were used, the multivariate test of significance [Jennings, 1987; Vasey and
Thayer,  1987] was selected to circumvent the problem of violating the sphericity
assumption. In each case, the approximate F-value associated with the
multivariate  test is reported.

Mean RTs for the words presented in the recognition tests were calculated for
each  learned or presented  list  and  for the unlearned words.  Mean  RTs  for  the
unlearned words were averaged together and treated as a single list. Responses
faster than 250 ms after word-onset were considered to be guesses and were
therefore excluded from statistical analysis. Correct and incorrect responses were
both included because we were primarily interested in the covert aspects of the
responses,  i.e.,  in RTs independent from  the  type of response given.  For  each
test, MANOVAs with repeated measures were carried out for percentage of
errors and mean RTs, with list as within subjects factor. To examine differences
between the pre- and post-operative test an additional MANOVA was carried out
for percentage of errors and mean RTs of learned and unlearned words with test
and list as within subject factors (data of the intraoperatively presented words
were  excluded  in this analysis).
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Eye-movement-corrected EEG signals were automatically screened for artifacts.
Criteria to detect an artifact were the occurrence of spikes greater than 80 BV,
drift greater than 50 BV in a single trial, or a difference in mean amplitude in
successive 375 msec epochs greater than 60 BV with respect to the 200 msec pre-
stimulus baseline. Accepted EEG signals were averaged for each channel time-
locked to word-onset. The total length of the averaging epoch was 2 sec
extending from 500 msec preceding word-onset to 1500 msec following word-
onset. ERP waveforms were obtained for each learned or presented list
separately. Those  for the unlearned words were averaged together and treated  as
a single list. Trials with correct as well as incorrect responses were included into
these averages, for the same reason as was mentioned for the RTs. In addition,
separate averaging of correct and incorrect responses was not possible because
of an insufficient number of available trials for each response category.  The P300
was identified as the most positive value in the 450-950 msec post-stimulus
interval. To assess the time-course of post stimulus slow potential shifts and to
preserve compatibility  with our previous studies [Van Hooff et al.,  1995;  Van

Hooff et al.,  1996], mean amplitudes were calculated  for five consecutive epochs
of 150 msec each, starting 200 msec after word onset. P300 amplitude, P300
latency and mean epoch amplitudes were used as dependent variables in statistical
analyses.

For each test and each ERP measure, MANOVAs with repeated measures were
carried out with list and electrode position (midline electrode positions) and list
and hemisphere (lateral electrode positions) as within subjects factors. When main
effects were found, these MANOVAs were supplemented with planned
comparisons, contrasting ERPs in response to the preoperatively learned words,
the intraoperatively presented words  and the unlearned words. To evaluate
differences between the pre- and post-operative tests. MANOVAs were carried
out on P300 amplitude and P300 latency with test, list and electrode position or
hemisphere as within subjects factors.     P300    data     for the intraoperatively
presented words are excluded  from this analysis.

9.4 Results

Recall
The postoperative interview   did not reveal any recall of intraoperative events.
The last things remembered were the impregnation of the arterial line (this was
done before induction), the lights above the operation table or the talk with the
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anesthetist or assistant. The first things remembered were the ICU and reassuring
phrases of the nursing staff. One of the patients reported dreaming about his wife
and hospitals. The others said that they had no dreaming experience or that they
did not know whether or not they had dreamt. Figure 9-1 shows the recall data
of the preoperatively learned words. Most patients remembered more than two
of the five words (Mean=3.4,  SD = 1.4). During the recognition  test,  all  five
preoperatively learned words were recognized, at least two times.

Recall preoperatively learned words
7

6·

8  5

  4
C

4

1   3

2                  r---1-  ' ··  ··
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01 2 3 4 5

Number of words recalled

Figure 9-1:  Postoperative  recall data for  the preoperatively  learned words

Performance
Table 9-1 summarizes the performance data for the pre and post-operative
recognition tests. Preoperative data  of two patients were inaccurate because  of
technical problems with the recording of the responses. Postoperative data of two
patients were also invalid, but because of the patients' inability to respond
properly. One patient frequently failed to respond, whereas an other patient kept
the Yes-button continuously pushed. Behavioral data of both tests were therefore
based upon data of 18 patients. In the preoperative recognition test, RTs were
significantly longer for the learned words compared to the unlearned words.  The
same trend could be observed in the postoperative recognition test (see Table 9-
1),    but   the main effect   of   list   did not reach significance. There   were   no   RT
differences between the intraoperatively presented words and unlearned words.
In both tests, most errors were made for the preoperatively learned words
(Misses).
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Table 9-1. F-values, mean reaction times (msec) and errors for the pre- and post-
operative  recognition  tests  as  a function  of list.

df F-value Unlearned List 1 List 2 List 3

PRE: RT 1,17 4.85* 754 (90) 782 (105)

Errors 1,17 23.07 *** 1.02 (1.57) 6.57 (5.85)

POST: RT 3,15 1.43 847 (101) 880 (118) 844 (115) 833 (98)

Errors 3,15 11.78*** 3.75 (3.95) 19.3 (12.6) 2.98 (4.99) 3.13 (5.84)

Note. * = 11<.05, ** = 2<.01, *** = R<.001. Standard deviations are given in parenthesis.
Errors represent percentage of misses and false alarms starting from the expectation that
intraoperative memories would not be present. This means that a Yes-response for an
intraoperatively presented  word is considered  to  be a false alarm  and  not  a  miss.   List   1   is  the
preoperatively learned list, List 2 and 3 are the intraoperatively presented lists.

Performance data for the learned and unlearned words were compared for the
pre- and post-operative recognition tests   for 17 patients. Three patients   had
missing data for one or both tests. As expected, mean RTs in the preoperative
test were faster than in the postoperative test (F(1, 16)=37.95, p < .001).  In both
tests, the mean RTs for the learned words were longer than for the unlearned
words, which was marginally significant (17(1,16)=3.55, p=.078). More errors
were made in the postoperative test (F(1,16)=21.89, p<.001).

Event-related Potentials
Grand average ERP waveforms for the pre- and post-operative recognition test
are presented in Figure 9-2 as a function of list. All words provoked clear Nl-
P2-N2 waveforms. In both recognition tests, the preoperatively learned words
(List 1) elicited a parietal positivity around 500-1000 msec post-stimulus (P300),
which was largely absent for the intraoperatively presented words (List 2 and List
3) and the unlearned words. Visual inspection of the individual ERP waveforms
also did not provide evidence for preserved memory functions for any of the
patients in particular,   i.e., the intraoperatively presented words   did not elicit  a

P300 during any  of the postoperative recordings. Figure 9-2 further indicates that
the postoperative waveforms seem to be more positive going the preoperative
waveforms. In other words,   N 1   and  32  seem less negative  and  P2  and  P300
seem more positive in the postoperative test relative to the preoperative test.
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P300 amplitude and latency
MANOVA results on P300 amplitude and latency are summarized in Table 9-2.
In the preoperative recognition test, P300 amplitude was larger for the learned
words than for the unlearned words, at the midline as well as at the lateral
electrode positions.  The P300 had a parietal dominance and also the effect of list
was largest at the parietal electrode position. P300 latency was longer for the
right hemisphere  ((6)  than  for  the left hemisphere (C5), particularly  for  the
unlearned words. In the postoperative test, a significant effect of list was present
for both the midline and lateral electrode positions. Planned comparisons showed
that the preoperatively learned words elicited a larger P300 than the unlearned
words  and the intraoperatively presented words  (all p's  < .01). The P300s
elicited by the intraoperatively presented words were not different from the P300s
elicited  by the unlearned words. There  were no significant effects  on  P300
latency.

Table 9-2:  Multivariate  F-values for the factors  list.  electrode  position  (El:  Fz.Cz,Pz)
and hemisphere  (Hem:  (5,(6) for P300 amplitude and latency

List El / Hem List x El / Hem

df F df r df F

PREOPERATIVE TEST:
MIDLINE (N=20)
P300 amplitude 1,19 18.02 ***

2,18 4.47 2,18  10.14 **

P300 latency 1,19 1.75 2,18 2.16 2,18 <1

LATERAL (N=20)
P300 amplitude 1,19  12.12 **

1,19 1.92 1,19 2.32

P300 latency 1,19 2.91 1,19 5.08 *
1,19 4.63

POSTOPERATIVE TEST:
MIDLINE (N=20)
P300 amplitude 3,17 3.58 * 2,18 1.29 6,14 1.95

P300 latency 3,17 1.07 2,18 3.23 6,14 1.51

LATERAL (N = 18)
P300 amplitude 3,15   4.74 *

1,17 3.34 3,15 <1
P300 latency 3,15 <1 1,17 <1 3,15 1.77

Note. * = D<.05, ** = R<.01, *** = p<.001. Because postoperative ERP data recorded
from C5 and/or C6 were missing for two patients, MANOVA results for the lateral electrode
positions were based upon measurements of 18 instead of 20 patients.
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To evaluate differences between tests, the P300 results for the learned and
unlearned words from the pre- and post-operative test were analyzed collectively.
A main effect of test was found for the P300 amplitude recorded from the
midline electrodes (F(1,19)= 13.83, p < .01), revealing that P300 amplitudes were
larger for the postoperative test. This supported our previous observation (see
Figure 9-2). Because there  were no significant interactions  with the factor  test,
the effects of list (F(1,19) = 11.48, p<.01) and electrode position (F(2,18)=4.73,
p < .05) were apparently  the  same  for both tests. There  were no differences
between tests  for P300 latency.

Mean epoch amplitudes
Mean amplitudes of five consecutive 150 msec epochs as a function of test and
list are given in Table 9-3. Significant amplitude differences between the distinct
classes of stimuli   are also indicated   in this Table. The negativity   that
encompassed the first  two  150 msec epochs  had a parietal or centro-parietal
maximum. The subsequent positivity appeared in the period of the last two or
three   150 msec epochs   and  had a parietal maximum.   Note   that  the   mean
amplitudes of the postoperative recognition test were all more positive (less
negative) than the mean amplitudes of the preoperative test.

MANOVAs carried out on the mean amplitudes obtained during the preoperative
recognition test revealed a significant effect of electrode position (p < .05) for all
150 ms epochs. There were no significant hemisphere differences. Mean ERP
amplitudes were less negative for the learned than for the unlearned words in the
350-500 msec (F(1,19)=12.41, p<.01) and 500-650 msec (F(1,19)=27.01,
p < .001) epochs. In addition, a significant List x Electrode position interaction
was present for the mean amplitude in the 500-650 msec epoch, referring to a
larger effect of list at the Pz electrode position. The factor list had no significant
main effect on the mean amplitudes in the 650-800 msec and 800-950 msec

epochs. However, a significant List x Electrode position interaction was found
for the mean amplitudes in both the 650-800 msec (F(2,18)=22.39, p<.001) and
800-950 msec  (F(2,18) = 13.06, p < .001) epoch. Analyses per electrode position
showed significant effects of list for the mean amplitudes of these epochs at Pz

(650-800 msec:F(1,19)=18.82,p<.001; 800-950 msec: 17(1,19)=10.84,p<.01)
but not at Fz and Cz.
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Table   9-3.    Mean    amplitudes    of   five     150    ms    epochs    for    the    preoperative    and
postoperative recognition test as a function of list.

Preoperative test Postoperative test
Latency range Novel List 1 Novel List 1 List 2 List 3

200-350 ms Fz 0.48 0.48 2.32 1.95 2.16 1.52

Cz -0.94 -1.24 2.18 1.58 1.53 0.91

Pz -1.71 -2.20 1.15 0.98 0.03 -0.16

(a)         (a)             (a)         (a)         (a)         (a)

350-500 ms Fz -0.67 0.76 1.22 1.31 1.12 1.56

CZ -3.09 -1.96 0.07 -0.03 0.02 0.22

Pz -3.13 -1.98 -0.64 -0.09 -1.16 -0.55

(a)         (b)             (a)         (a)         (a)         (a)

500-650 ms Fz -1.28 0.70 0.14 0.77 -0.21 -0.49

CZ -2.70 -0.32 -0.21 0.89 -0.97 -1.08

Pz -1.34 1.96 0.06 2.40 -1.02 -0.46

(a)         (b)             (a)         (b)         (a)         (a)

650-800 ms Fz -0.50 -0.62 0.56 0.72 0.12 -0.81

CZ -0.78 -0.18 1.17 2.01 0.17 -0.50

Pz 0.66 3.39 2.06 4.46 0.68 0.66

(al) (a2)            (a)         (a)         (a)         (a)

800-950 ms Fz -0.53 -1.05 1.21 -0.29 0.97 -0.28

Cz -0.78 -0.81 1.47 0.45 1.01 0.17

Pz -0.20 1.95 2.00 3.15 1.07 0.75

(al) (a2) (al) (a2) (al) (al)

Note. For each teSt, the mean amplitudes of the lists which were significantly different from
each other within each epoch across all sites are indicated with a different letter. The same letter
but a different number (al and a2) indicates a significant effect of list for the Pz electrode
position, computed only when a significant List x Electrode position interaction was found.

For the postoperative test, significant effects of electrode position were found for
all  but the 500-650 msec epoch  (p < .05). Significant hemisphere effects  were
found for the mean amplitudes of the last three epochs  (p < .05) revealing that
during the entire 500-950 msec period the mean amplitudes recorded from C6
(right hemisphere) were more negative than those recorded at (5 (left
hemisphere). Presumably this was  due to  the  fact  that most responses were given
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with the non-dominant,   left hand (except  for one patient  who was left-handed).
The mean amplitude in the 500-650 msec epoch was significantly affected by the
factor list (F(3,17)=3.33, p < .05). Pairwise comparisons showed that the Inean
amplitudes for the preoperatively learned words were more positive than those
for the unlearned words  (t=2.12,  p < .05)  and  for the words presented during
surgery (List 2: t=2.37, p<.05; List 3: t=3.21,p<.01). A significant List x
Electrode position interaction was found for the mean amplitude in the 800-950
msec epoch (F(6,14)=3.90, p<.05). Analyses per electrode position revealed a
significant effect  of list  at Pz exclusively  (F(3,17) = 7.55, p < .05).

9.5 Discussion

The preoperatively learned words were explicitly recognized and did elicit a
larger late positivity (P300) than the unlearned words in both the preoperative and
postoperative test. This is in agreement with earlier recognition studies
[Friedman, 1990; Neville   et   al., 1986; Smith and Guster   1993].   In   the
postoperative test the intraoperatively presented words did not elicit a P300-like
component, nor did they produce relatively longer RTs or more accidental
recognition responses. The patients' individual ERP responses and behavioral
measures (RT, error rate) also did not provide any indication of differences
between intraoperatively presented words and unlearned words. Evidence for
intraoperative memories could therefore not be demonstrated  in the present study.
This result can be interpreted in two different ways. Either propofol/alfentanil
anesthesia has prevented effectively encoding and/or storage of the presented
words, or alternatively, our ERP-based procedure was not sensitive enough to
retrieve information in absence of explicit recognition.

As previously described in the introduction, studies of memory during anesthesia

have   produced both positive and negative results. Factors   that   may   have
contributed to the inconsistent results are the use of different types of tests, target
material, presentation formats, retrieval cues, moments of testing, and anesthetic
techniques  [see also, Andrade, 1995; Bonebakker,  1995].  It is therefore difficult
to attribute failures to demonstrate memory effects to either one of these
differences   or   to   the true absence of intraoperative memories. A strong
progression in solving this dilemma would be the availability of data at the
moment of information presentation. In the current study the words were
presented as atypical stimuli during two intraoperative oddball tasks.  The ERPs
which were recorded during these oddball tasks showed  P l -N 1 -P2 responses  for
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both  frequent and infrequent tones  but  not  for the words (see Figure  9-3).   The
ERPs in response to words showed a positive shift but separate peaks could not
be distinguished. The significance of this waveform could therefore not simply
be appreciated.

INTAAOPEAATIVE EAPs (Cz) Frequent

Infrequent 3 uVY-axis: Amplitude in uv
X-axis: Time in sec ........   Wor d s +

BEFORE  CPB (N-17) END CPB IN-16)

97:-....1.......
%,-

11 1 1 1 1 1 1   1
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Figure  9-3:   Averaged   intraoperative   ERP  waveforms  for  frequent   tones   (solid   line),

infrequent  tones   (dotted  line),   and  one-syllable  words   (dashed  line).

Other studies have shown that ERPs recorded during initial learning were
predictive for subsequent retrieval performance, thereby suggesting a relationship
between ERPs and effectivity of encoding. For example, Karis et al. [1984]
reported that words which could be recalled subsequently elicited larger P300s
during initial learning than words that could not be recalled. A similar effect was
also present for recognition performance [Paller et al., 1987a] and priming scores
[Paller et al., 1987b]. However,  in the current experiment it is not clear whether
the positivity recorded in response to words is related to encoding processes. The
question of whether or not the intraoperatively presented words were perceived
and stored in memory remains therefore unanswered, although the ambiguity of
the waveform suggests that this was not the case. If so, this would mean that
anesthesia was adequate with respect to its function to achieve suppression of
high-level information processing, i.e., discrimination and rehearsel of words.
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An alternative explanation for the present findings could be that the ERP
recognition test we have used was not sensitive enough to detect memories
outside awareness.  In our validation study [Van Hooff et al.,  1996]  it has  been
shown that previously learned words did elicit larger P300s than unlearned words
even when no behavioral indications of recognition were given. In this
experiment, the occurrence of a P300 response was explained by the fact that
learned words had special significance for the subjects (by virtue of previous
learning) and appeared  with a lower probability  than  did the unlearned words.
However, in contrast to the current study, the subjects learned the words while
awake and indicated recognition in the test which immediately followed learning.
This means that the words were consciously perceived and apparently stored in
memory. Furthermore, because the subjects could recall most of the learned
words after test completion, they presumably did recognize the words as
previously learned but responded with a non-recognition reaction in agreement
with the instructions. Consequently, it might be hypothesized that such an
elementary recognition reaction is a necessary prerequisite for P300 elicitation.
If so, the intraoperatively presented words in the current study apparently did not
possess the ability  to  meet this requirement  in  any  of the patients.

This hypothesis seems in conflict with results from our previous study in which
one patient did show a P300 response for intra-operatively presented words for
which he reported no recognition [Van Hooff et al., 1996]. Similarly,  it does not
apply for the results of Bentin et al.  [1992] and Renault et al.  [1989] as described
previously in the introduction. A possible way to explain these discrepancies is
to presume that a rudimentary recognition reaction was present in these studies
but outside awareness. In an attempt to explain the results of Renault et al.
[1989], Picton [1992] described this earlier as "some information may have
reached consciousness    but    was not sufficient    to be recognized"     [p473].
Furthermore, Rugg [1995] suggested that the subjects in the study of Bentin et
al. [1992] may have adopted a very strict criterion for choosing a recognition
response and that some of the missed items might have been judged old under a
more lenient response criterion. In this view, ERPs are considered continuous
measures of recognition memory. Although they  are more informative  than  the
dichotomous measures of yes/no responding, they may still be dependent on
processes mediating in explicit memory performance  [Rugg,   1995].

In the current study, the role of overt recognition for the occurrence of a P300
response might be estimated from comparisons between the P300s for
preoperatively learned words recorded in the pre- and post-operative test. This
is possible because trials of both correct and incorrect responses (hits and misses)
were included into the averages and because the proportion of these response
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categories differed between the tests. In fact, it might be hypothesized that the
relative larger number of misses in the postoperative test has been partly
responsible for the fact that in this test the P300 effect for preoperatively learned
words encompassed a more restricted time period than in the preoperative test
(see  Table  9-3). This suggests  that a correct behavioral indication of recognition
has beneficially contributed to the observed positivity for the preoperatively
learned words. The higher number of misses in the postoperative test compared
to the preoperative test may be caused by the longer interval between learning
and testing and the weak condition of the patients. Indeed, considering their
recent history it is even surprising that they frequently could recognize the
preoperatively learned words.

It is further interesting to note that the more positive going waveforms in the
postoperative test compared to the preoperative test support our previous
Suggestion that a negative wave associated with non-specific attention mechanisms
may be removed during states of diminished arousal level, such as sleep and
anesthesia [Campbell et al.,  1992; Van Hooff et al.,  1995]

Conclusion
In conclusion, ERP or behavioral evidence for intraoperative memories could not
be found postoperatively. Also with respect to ERP data recorded during the
period of information presentation, it seems unlikely that the intraoperatively
presented words were encoded and stored in memory. This implies that anesthesia
was presumably adequate with respect to its function to suppress high-level
information processing and memory. Alternatively, it is possible that although
ERPs can be used as indirect measures of recognition memory [Van Hooff et al.,
1996] they do not apply to memories outside awareness. In addition, because of
the large amount of effort required to perform the task properly, the superiority
of ERP recordings over implicit behavioral measures needs to be reconsidered.
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10

MIDLATENCY AUDITORY EVOKED POTENTIALS AS
INDICATORS OF PERCEPTUAL PROCESSING

DURING ANESTHESIA'

10.1 Abstract

We tested the hypothesis that midlatency auditory evoked potentials  (MLAEPs) 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 LLAEPs 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,
MI.AEPs and the spontaneous electroencephalogram (EEG) were recorded.  Peak
latencies and amplitudes of brainstem peak V and midlatency peaks Na,  Pa,  Nb,
Pb and Nc,  characteristic frequencies from the spontaneous EEG,  mean arterial
blood pressure (MAP) and nasopharyngeal temperature (T) were compared
between   recording   epochs   with   and   without   recognizable   LLAEP   waveforms.
These variables were also used in a discriminant analysis to predict the
occurrence of an ILAEP waveform.  Pa and Nb latency were significantly shorter
both before and after recording epochs in which a clear LLAEP waveform
occurred,  compared to epochs in which no LLAEP waveform 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 of
89% and a specificity of 86%. We conclude that MLAEP components provide
information on  the possibility  of perceptual processing  during  general  anesthesia,
and thus may be relevant for monitoring depth of anesthesia.

1   The present chapter will be published in the British Journal Of Anaesthesia (in
press) with N.A.M. de Beer as first author and J.C. van Hooff, C.H.M. Brunia, P.J.M.
Cluitmans, H.H.M. Korsten, and J.E.W. Beneken as co-authors. The first and second author
of this paper contributed equally in writing this paper.
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10.2 Introduction

Many studies on intraoperative memories suggest that auditory information
processing may persist during general anesthesia [Ghoneim and Block,  1992], but
there is still no standardized method for determining intraoperatively whether an
auditory stimulus is actually perceived or not. The availability of such a method
is an essential prerequisite for a monitor of anesthetic depth. Auditory evoked
potentials (AEPs) provide a method for monitoring the transmission and
processing of auditory stimuli from the cochlea to the cerebral 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
potentials (BAEPs), consisting of waves I-VII, occur within 10 msec after
stimulus presentation, and reflect activation 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 Nc, and are supposed to be generated in thalamic and cortical
auditory structures. MLAEP components are followed by the long latency AEP
components (LLAEP)2, which reflect activation of the association areas of the
cerebral cortex. LLAEP components  P l,N l  and P2 reflect  the more cognitive
aspects of information processingl [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, which were highly similar for inhalation and intravenous agents
[Thornton and Newton, 1989; Thornton,  1991]. In addition, the decrease in 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

2 In the preceding chapters we have used the term ERPs to refer to the
intraoperatively recorded long-latency AEPs, which are in fact a subclass of ERPs. We have
used the term LLAEPs in this chapter because it is more commonly used than the term ERPs
in anesthesiology literature and because it is in better consonance with the term MLAEPs.

3 No general agreement exists over the exact boundary to use between midlatency and
long  latency AEP components. Theoretically,  Pl  and  Nl are identical  to  Pb and  Nc.  In this
paper, labels  Pl  and  N l  were  used to indicate components elicited  in an oddball paradigm,
while labels Pb and Nc were used to indicate components elicited by clicks.
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perceived [Jessop and Jones,   1992]. The purpose  of the present study  was  to

investigate the relationship between MLAEP components and auditory perception.
Evidence for such relationship would provide further support for the usefulness
of the MLAEP components for routine monitoring of perceptual processing
during anesthesia.

Previous research to study this relationship has focused on the Isolated Forearm
Technique (IFT) and implicit memory. In a study by Thornton et al. [1989] it
was shown that responsiveness as indicated by the IFT was associated with
shorter latencies of MLAEP peak Nb. The IFT measures the ability of a patient
to respond to verbal commands during anesthesia. Absence 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. [1994al, Pa latency
was 100% sensitive and 77% specific in predicting implicit memory for
intraoperatively presented material. Although this result supports the notion that
MLAEP measures reflect some degree of perceptual processing, the results  of

implicit memory tests are not exclusively determined by the effects of anesthesia
on perceptual processing but also on memory processes. In addition, the results
of implicit memory tests may also be affected by intermediate processes between
the time of stimulus administration and the time of testing.

To circumvent the disadvantages of the IFT and implicit memory tests, we
focused on LLAEP components as a possible way of obtaining evidence for
perceptual processing. The Nl 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 IN88tanen 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 associated
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, MLAEPs and LLAEPs were recorded during several periods
of cardiac surgery with propofol/alfentanil anesthesia. Our hypothesis was that
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MLAEP measures can predict the occurrence of LLAEP components (specifically
the Pl-Nl-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 spectral
EEG measures.

10.3 Method

Patients and anesthesia
The study was performed at the Catharina Hospital 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 years. Two patients underwent aortic
valve replacement, 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 loading  dose of propofol  2  mg/kg  and
alfentanil 100 Bg/kg, given in 12 minutes. After these 12 minutes anesthesia was
continued with rates of propofol 8 mg/kg/hr and alfentanil 4 Bg/kg/min for  10
minutes, then propofol 6 mg/kg/hr and alfentanil 3 Bg/kg/min for 10 minutes and
finally propofol 4 mg/kg/hr and alfentanil 2 Bg/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, decreases with
"volume", calcium, or inotropic drugs together with reduced doses of propofol
and alfentanil. During CPB moderate hypothermia to 32 °C was used.

Recording procedure
Baseline recordings for both the MLAEP and LLAEP were obtained the morning
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 incision), (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. MLAEPs and LLAEPs were recorded successively during each of the
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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 max LLAEP
90

2 min 10 minutes, max 15 minutes mA  7tz
sec sec

max 22 minutes                   D-

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

An IBM-type 486 personal computer provided with a LabMaster analog-to-digital
(A/D) and digital-to-analog (D/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.

LLAEP recording and processing
LLAEPs 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, twenty
percent were "deviant" 2000 Hz tones. The interstimulus interval was 1044 ms.
During two intraoperative oddball tasks (period 1 and 4) five one-syllable words
were presented repeatedly intermixed with the two types of tones. In these taSks
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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 has been reported in detail in Chapter 9. In the preoperative
period, a total of 200 stimuli were presented. During surgery, 400 to 600 stimuli
were presented because  of a poorer signal-to-noise ratio.

For LLAEP processing, the raw electroencephalogram (EEG) was recorded from
Ag-AgC1 electrodes placed at Fz, Cz, Pz and two lateral positions C5 and C6,
located midway between  T3-C3  and T4-C4 respectively. Linked pre-auricular
points served as reference. Recording and averaging was done 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. Criteria to detect an artifact were the occurrence of spikes greater than 100
BV, drift greater than 80 BV in a single trial, or a difference in DC-level in
successive 250 msec epochs larger than 60 BV. The mean number of trials
composing LLAEPs in response to frequent tones, infrequent tones and words
after artifact detection   was   364   (SD =85),    87   (SD =23)   and   73   (SD = 14)
respectively.

For each individual waveform, peak amplitudes were determined as the most
positive   (for   P l   and  P2)   and most negative   (for N l) values in selected   time
windows based on the grand averages. Pl amplitudes were determined relative
to the 200 msec pre-stimulus baseline, N 1 and P2 were determined with respect
to their preceding peak (P1Nt and NlP2 respectively). During anesthesia, P3 was
not recognizable as a clear peak, and was therefore not quantified. To judge
whether or not a clear Pl-Nl-P2 complex could be distinguished in the individual
intraoperative recordings, criteria for peak amplitudes were specified. 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 done for the Cz
electrode position and the LLAEPs to frequent tones  only.  When P l N t   and  N l P 2
amplitudes were larger than their median amplitudes  (1.46  BV  and  1.73  BV
respectively) and the correlation with an overall average waveform obtained by
averaging all intraoperative LLAEPs 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. The purpose  of this assessment was  to test whether the presence of a
clear LLAEP response could be predicted from features of the MLAEP.
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MLAEP recording and processing
For MLAEP processing, the raw EEG was recorded from Cz-Al and Cz-A2,
each referenced to Fpz. Recording and filtering of the EEG was done as
described before  [De  Beer  et  al., 1995]. Auditory clicks were delivered  with
random interstimulus intervals, according to a Poisson distribution, with an
average stimulation  rate  of 80 clicks per second. An important implication  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]. This results

in a smoothing of the effect of interfering stimuli. For averaging of the MLAEPs
in this study we chose a sweep length of 270 msec to ensure that component Nc
could be 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 Nc 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.

Processing of the spontaneous EEG
The raw EEG recorded for MLAEP averaging was also used for spectral
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 32 Hz. Spectra were calculated from 8 second epochs, using
an overlap of 2 seconds between epochs, and applying a Blackman time window
to prevent spectral leakage. 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. Features derived from the calculated spectra were the
median frequency,   the   95 % spectral edge frequency   and   the peak power
frequency, and the percentage delta (0-4 Hz), theta (4-8 Hz), alpha (8-14 Hz) and
beta (above 14 Hz) power. The resulting spectral features for each recording
were averaged so that one set of EEG features remained for each set of MLAEP
features.
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Because the raw EEG was high-pass filtered at 5 Hz to enhance the quality of the
MLAEP recordings, the calculated spectral features will be higher than the values
reported    in the literature 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.

Recording of blood pressure and temperature
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 were
imposed on 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 which there were no MAP or T
values available, either before or after the LLAEP recording epoch, were also
excluded from further analysis.

Table 10-1: Thresholds for mean anerial pressure (MAP) and nasopharyngeal
temperature (T) for inclusion of the analysis.

MAP (mmHg) T (°C)

Maximally allowed difference between values                      30                1
obtained at start and end of MLAEP recording epoch
Maximally allowed difference between values                      30                5
obtained before and after LLAEP recording epoch

Note. The threshold for changes in MAP was based on 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 and rewarming rate of 0.5 °C/min.
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Systolic and diastolic arterial pressure were not included in the analysis, because

during bypass no observations for these variables were available. Heart rate was
also not included, partly because during CPB heart rate will be zero, partly
because several patients were paced after   CPB. This implies that heart   rate
contains no relevant information in those situations.

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

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 optimal discriminant function was performed several
times, using different sets of features to compare the predictive power of the
various available measures. 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 included for estimation of the
discriminant function in subsequent analysis cycles. These added variables were
the measures derived from the EEG (median, spectral edge and peak power
frequency and percentages delta, theta, alpha and beta power) in the second
cycle, the measures derived from the MLAEP (latencies and amplitudes of peaks

V, Na, Pa, Nb, Pb and Nc) in the third cycle, and finally all MLAEP and EEG
derived measures  in the fourth cycle. These four cycles were repeated  to  also
include the observations of the mentioned variables obtained at the end of each
recording epoch.

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 included 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

191



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-l 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 terms 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.
Specifici'v 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.

10.4 Results

In total, 176 LLAEP recordings could be obtained during the 41 operations of
which  44 were judged as containing a clear LLAEP waveform  (25 %).  Most  of
these clear LLAEPs 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 clear LLAEP.

Examples of baseline and intraoperative LLAEP waveforms are presented in
Figure 10-2. Compared to the preoperative LLAEPs, the intraoperative
recordings were delayed  and more positive going.   The Nl, typical  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 in Chapter 8 [Van
Hooff  et al., submitted]. Examples of baseline and intraoperative MLAEP
waveforms are presented in Figure 10-3. Compared to the baseline MLAEP
waveforms, the intraoperative MLAEP recordings showed longer latencies and
smaller amplitudes. Compared to the baseline EEG measures, the intraoperative
EEG measures showed a decrease in median, spectral edge and peak power
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frequency, an increase in percentage delta and theta power, and a decrease in
percentage beta power.

Table 10-2: Number of LLAEP recordings in the various periods of surgery.

Number of recordings After selection
total clear LLAEP total clear LLAEP

Before CPB                        35          19                      8           3
At the start of CPB                    34              6                            10              2
During CPB                      33          -                     11          -
At the end of CPB                   34            11                          4              1
After CPB                        40          8                    19          3

Total 176       44               52        9

Note. The third and fourth column indicate the number of LLAEP recordings remaining after
selecting those recordings for which both before and after the recording epoch observations for
MAP, T. MLAEP and EEG measures were present.
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Figure 10-2. Examples of baseline  (left) and intraoperative  (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 intraoperative  (right) MI.AEP waveforms.
Scaling 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. Latencies of MLAEP peaks Pa and Nb were
significantly shorter (p =0.0487   and p =0.0447 respectively)   at the start   of
LLAEP recording epochs in which a clear LLAEP occurred. Latency of MLAEP
peak Pa was significantly shorter (p=0.0202) at the end of LLAEP recording
epochs in which a clear LLAEP occurred. Mean arterial pressure    was
significantly higher (p =0.0421)  at the end of LLAEP recording epochs in which
a clear LLAEP occurred.

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 improve 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 (bottom part of Table 10-3) 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 (top part of Table 10-3).
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'Figure 104. 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 before 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 spectral features,  MAP and T.
* = statistically significant difference between recording periods (Wilcoxon rank sum
test, p<.05).
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Table 10-3. Pe,formance in terms of sensitivity. specificity and accuracy of diferent
combinations of types of measured variables to predict the occurrence of an LLAEP.

Variable group Variables used in sens. spec. acc.

discriminant function (%) (%) (%)

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+EEG+MLAEP lat Nb, beta, amp Nc,             78       84       83

amp V, MAP, sef

Obtained before (b) or after (a) LLAEP recording epoch
MAP+T MAP(a)                                      56          63          62

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

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

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

Note. The first 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.

10.5 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
Nl   and P2 components reflect some level of perception [Picton  et  al.,   1974;
Niiattinen 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 [Naiitanen
and Mitchie, 1979; Campbell et al., 1992; Plourde et al.,  1993; Van Hooff et al.,

196



1995]. In addition, a study by Jessop et al. [1991] showed a correlation between
amnesia and presence or absence of the P300.

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, LLAEPs
themselves can not be used for monitoring purposes, because rapid fluctuations
in anesthetic state cannot be detected. Instead, LLAEPs   can  be   used  as   a
reference measure, providing information whether auditory information
processing actually occurs. When subsequently, measures more suitable for
routine monitoring, such as MLAEP components or spectral EEG measures,
appear to be predictive with respect to the occurrence of LLAEPs, this would be
strong evidence  for the utility  of the latter measures.   It  has been suggested  that
the recording of MLAEP components also has the drawback that a relatively long
acquisition  time is needed [Munglani et  al.,  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
waveforms within 40 to 60 seconds.

Occurrence of LLAEP waveforms
In  agreement with our previous study [Van Hooff et al.,   1995],  a P3 could  not
be observed in the individual, intraoperative 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 intraoperative awareness, it seems too easily abolished by surgical
anesthesia. Therefore, the presence of earlier LLAEP components, reflecting
primary perceptual processes (presumably automatically). was taken   as   a
reference measure  in the present study. A clear Pl-Nl-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 LLAEPs were
recorded in 28 of the 41 patients, indicating that in 68% of all patients auditory
processing persisted during some period of surgery.

Unfortunately, not all obtained LLAEPs 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
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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 waveform (17%).

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 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 Thornton et al. [1989] and Schwender et al. [1994a], as
described above. The predictive quality of Pa and Nb latency in addition to
MAP, can further be derived from the fact that one or the other 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, spectral 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.

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. However, the long acquisition time needed for obtaining the LLAEP
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make it unsuitable for routine monitoring. 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 routine monitoring of 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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11

GENERAL DISCUSSION AND CONCLUSIONS

This final chapter presents an overview of the main results obtained during the
different studies described   in the preceding chapters.   Our main intention  was
to investigate whether we could attain measures that can be used to detect,
analyze and monitor perceptual processing and memory during general
anesthesia. In the first paragraph, the interpretation and significance of the
intraoperatively recorded LLAEPst are discussed  (11.1). The presumed profit
of these measures was that they would provide direct evidence for information
processing at the moment that it might occur. In the following paragraph, the
strength and limitations of the ERP-based memory assessment procedure are
evaluated (11.2). It was hypothesized that this type of procedure would add to
existing postoperative memory tests, allowing individual judgments and
providing data about possible underlying mechanisms. The final paragraph
presents a general conclusion and recommendations for further research

(11.3).

11.1 Intraoperatively recorded long-latency AEPs

Within several periods of cardiac surgery with propofol/alfentanil anesthesia,
LLAEPs have been recorded during oddball tasks, consisting of frequent and
infrequent tones of different pitch, and in some conditions alternated by one-
syllable words. The aim of these measurements was to detect high level
processing.   In  both the preliminary (Chapter  7)   and main study (Chapter   8),
LLAEP waves could be observed until about 500 msec after stimulus
presentation, suggesting that auditory information not only arrived at the
cortex but that it was also processed up to a certain level of perception, at

' In contrast to Chapters 7 and 8, we use the term LLAEPs instead of ERPs to refer
to the cortical responses evoked during the oddball tasks for the same reasons as indicated
in Chapter 10.

203



least in a number of subjects. The most striking feature of the intraoperatively
recorded waveforms was that they were more positive going than those
recorded before surgery. and that N 1 did not or nearly attain values above
prestimulus baseline level. Furthermore, all distinguishable peaks appeared to
be  delayed. The change in LLAEP morphology has complicated identification
of components, which is discussed  in  the next section  (11.1.1). The inferences
that could be made from the recorded LLAEPs about the level of information
processing are discussed  in  the next paragraph (11.1.2). First, the possibility
of primary sensory processing in discussed, predominately in relation to the
decline in N 1 amplitude. The ability to discriminate tones of different pitch
and one-syllable words is discussed subsequently. In the final paragraph,
implications  for the practical significance of LLAEPs are discussed  (11.1.3).
If the occurence of LLAEPs indeed reflect the presence of basic perceptual
abilities, these responses could prove to be useful for estimating the incidence
of intraoperative auditory processing and for evaluating the utility of MLAEPs
to monitor perceptual processing.

11.1.1 Component identification
The LLAEP waveform changed substantially from the awake to the anesthetic
state, which has created difficulties for component identification. Compared to
the preoperative waveforms, the intraoperatively recorded LLAEPs were
delayed   and more positive going. Furthermore,   the Nl, typical   for   the
preoperative recordings, seemed to have disappeared almost entirely during
anesthesia (e.g., Figure  7-1  and 8-1) Although  it  can be argued  that  the  pre-
and intra- operative LLAEPs do not reflect the same underlying process
because of the observed difference in waveforms, we have several reasons to
believe that the positive-negative-positive waveform recorded during anesthesia
corresponds, at least partly,    with   the   Pl-Nl -P2 complex obtained during
"normal" awake conditions.

First, latencies of the earlier MLAEP components have been found to increase
gradually with anesthetic doses [Jones, 1989; Thornton and Newton,   1989].
Extrapolating these results   to   the   P l,N l.    and P2, these peaks should   show
similar or presumably even larger latency prolongations with high levels of
anesthesia. In fact, if anesthesia slows down transmission between neurons,
the inter-peak intervals should increase  as  well.   As is shown in Table   11-1,
the peak latencies   of   P l,    N l    and   P2,    as   well   as the intervals between these
peaks, increased from the awake to the anesthetic state. Consequently, there is
a successively larger increase from Pl via Nl to P2.
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Table  11-1:  Results  from  the  main  clinical  study:  Mean  Pl,  Nl   and  P2  latencies  and
inter-peak intervals  (in msec)  recorded from Cz before  and during  the  operation.

Peak Before operation During operation Difference

Pl           36.5 (14.9) 84.3 (26.4) 47.8

Nl          110.3 (14.4) 215.0 (42.7) 104.7
P2           212.8 (25.9) 355.3 (43.5) 142.5

Inter-peak interval
Pl-Nl 73.8 (15.8) 130.9 (34.9) 57.1

Nl-P2 102.5 (20.4) 140.3 (59.6) 37.8

Note. Recordings during the operation were derived from the first intraoperative recording
period (before CPB). Standard deviations are given in parentheses. All latencies and inter-
peak intervals significantly  (p < .001) increased from the awake to the anesthetic state.  Note
that the standard deviations were larger during the operation than before the operation.

Second, fae latencies and slopes of the intraoperative peaks varied

considerably between patients which has caused a smoothing effect, lowering
and widening the grand average waveforms. Additionally, this effect has been
amplified because a number of individuals showed almost flat LLAEP traces
on some occasions  (see for individual LLAEP examples Figure  8-4).

Illird, inspection of individual waveforms shows that several LLAEP traces
appear to reflect a kind of transition stage between being awake and
anesthetized, showing prolonged peak latencies but no or a slight decline in
Nl  amplitude.  This is illustrated in Figure 11-1, showing a gradual drop in Nl
amplitude as composed by different individual intraoperative traces. In other
words, it is not an abrupt transformation of LLAEP waveform. In that respect
it is unfortunate that we have not recorded LLAEPs during light levels of
anesthesia. This was not possible because anesthesia was too quickly induced
to create a steady epoch for recording. In further research, this is certainly an
important issue to address.

Apart from these technical/methodological reasons, sleep and pharmacological
studies have provided additional support for the notion that the pre- and intra-
operative LLAEPs reflect (partly) corresponding activities. Several studies of
auditory processing during sleep (stage II-IV) have reported comparable
changes in the LLAEP waveform, but with smaller shifts in latencies. That is,

205



sleep has been found to increase Pl and P2 amplitudes and to decrease Nl
amplitude [e.g., Campbell  et al., 1992, Nielsen-Bohlman  et  al., 1991; Winter
et  al.,   1995]. The similarities between the observed changes  in both states  of
diminished arousal levels support the suggestion that the distinguishable peaks

during anesthesia correspond with those identified during sleep as well as
those identified during the awake state. In the similar line of argueing, it is a
frequently reported phenomenon  that  the   N 1 shows dose-related changes   with
subanesthetic concentrations of sedative drugs [e.g., Fenwick   et   al.,    1979;
Pang and Fowler, 1995; Wolpaw and Penry,  1978].

Nl DECREASE (Cz)

Y-axis: Amplitude in uv
|

4 UV
X-axis: Time in sec

+

«-1 C-- Figure 11-1: Individual LLAEPs
composed so as to visualize the gradual
decrease in Nl amplitude. The LLAEP on
top   is   recorded   before   surgery,   all   other

LLAEPs are recorded during surgery.

1 1    1
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A possible weak point in our argumentation is that different scalp distributions
have been found for the distinguishable peaks recorded before and during the
operation. In Chapter 7, it was argued that the difference in Nl scalp
distribution before and during the operation might result from the difficulty
appraising the observed negativity in isolation during anesthesia. This was
illustrated   by   the   fact   that   the   N 1 scalp distribution mimicked   that   of   the
preceding  Pl.  In our main study  we have tried  to  deal  with this problem  by

using peak-to-peak instead of mean amplitudes. Although this lead to an
improved appraisal   of the intraoperative    N l, it still    had a different scalp-
distribution relative     to it awake counterpart. In Chapter     8,      it     has     been

hypothesized that anesthesia may remove a negativity with a frontocentral
maximum [cf., Campbell   et   al.,    1992].    This   may have caused   the   more
positive going waveforms and the change towards a more centro-parietal
maximum  of both  Pl  and  Nl. In other words, anesthesia  may have changed
the relative contribution of the different brain areas that are simultaneously
active during auditory processing, possibly by selectively diminishing the
contribution of a non-specific activity. Since we have used only five electrode
positions, more extensive studies are needed to gain additional support for this
interpretation, for example, by using dipole source localisation.

11.1.2 Inferences in terms of level of information processing
As described in the introduction, the recording of LLAEPs has been frequently
suggested for detecting on line high level processing. In the literature, the
importance of the P300 is stressed, because of its presumed relationship with
consciousness [Picton, 1992]. However, as appeared  from our studies  and  that
of  Plourde and Picton   [1991], this component was quickly abolished during
anesthesia. This could reasonably be expected because even in situations in
which subjects are awake but not attending  to the series of stimuli  (e.g.,  when
reading  a  book),  the  P3  has been found to disappear [Campbell  et  al.,   1992]
or    to   be of relative small amplitude [Polich, 1987]. Emphasizing    the
importance of this component seems therefore somewhat misplaced, especially
because absence of a P3 does not necessarily imply absence of sensory
processing nor absence of consciousness [Pritchard, 1981]. Therefore,    we
were more interested   in the earlier components   like   N 1    and P2 (primary
sensory processing) and in the attention-independent components MMN and
P3a (discriminative processing). In order to provoke these components,
oddball tasks were presented during at least four distinct epochs within the
operation. Next, our results are discussed within the framework of existing
theories about the functional significance of the different LLAEP components.
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Detection of stimuli
The presence of LLAEP waves up to 500 msec after stimulus presentation
suggests that at least some sensory processing has continued during anesthesia.
The observed alteration in AEP waveform is presumably related to the
transition from the awake to the anesthetic state. Before providing a possible
interpretation    of this observation, the functional significance    of    the     N 1
component is reviewed.

Detection of stimuli and primary aspects of sensory processing are reflected in
the Nl  and P2, which in the awake state are the most prominent peaks in the
LLAEP waveform. In an oddball task they are elicited by both the frequent
and infrequent stimuli. Their amplitudes have been found to vary with the
physical and temporal features of the stimulus and with the psychological state
of the subject [Natitanen and Picton,   1987].  N l   and  P2 are usually studied  in
conjunction, but by far the most attention is given to the Nl component. In the
extensive review of NEitanen and Picton [1987], three possible functions  of
N 1    are   discussed.    First,    the    Nl    may   serve   as a " transient    detector"    or
" attention trigger", corresponding     with     the     obtrusiveness    of    the     stimulus.
Based on the studies of Butler [19722, 1972b], it is emphasized that "although
at   least some neuronal populations   in   the   N l   generators can perform highly
precise stimulus coding, this coding does not appear to underlie perception in
the  case of perceived pitch" (or loudness) [Naaulnen and Picton,  1987,  p413].
This is consistent with Parasuraman et al. [1982] reporting that the Nl
amplitude was much more related to the detection than the recognition of a
near-threshold auditory stimulus. Second, but less supported by empirical data,
Naamnen and Picton [1987] suggested   that the process generating   the   N 1
might be the result of such attention trigger rather than the trigger itself. In
that view, the Nl would represent the "initial readout Of sensory infbrmation"
from the auditory cortex. Since the perceptual processes may use all or part of
the information contained    in   the   N 1 readout there   need    not   to   be   a   close
correlation between Nl and perception. Third, the functional significance of
the  N 1   has  also been interpreted in relation to sensory memory [Natitanen  and
Picton, 1987]. According  to   this   view,   the  N l   reflects   the   'formation   of a
neuronal memory trace", containing information about the physical properties
of the eliciting stimulus.

Naauinen and Picton [1987] suggest that at least three but possibly six
generators contribute  to the scalp-recorded  N l. This suggestion is supported
by intracranial recordings [Velasco and Velasco, 1986], dipole source
localisation techniques [e.g., Scherg  and von Cramon,   1986] and effects  of
task manipulations and central lesions [for citations see Nalitiinen and Picton,
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1987].   It is possible that different generators may serve   each  of the above
mentioned functions. One of these generators, of which its exact location is
unknown2, is believed to be non-specific, producing a widespread transient
arousal response. Its function may correspond well with the first one
suggested, attended to facilitate sensory processing and alerting the subject.
Other generators, primarily located in the temporal lobe, might be associated
with the more specific sensory processes, possibly corresponding to the two
other mentioned functions: intial readout of sensory information and formation
of a neuronal memory trace.

In both our clinical studies, Nl amplitudes were found to be attenuated during
anesthesia. Simultaneously, Pl and P2 increased in amplitude with respect to
the pre-stimulus baseline. It was hypothesized that these amplitude effects
might be due to the removal of a long duration negative wave with a
frontocentral maximum, that may normally overlap the Pl and Nl peaks in the
awake state [cf., Campbell  et  al.,   1992].  The P2 appeared  to  be less affected
by  anesthesia when measured with respect  to  N l   (Chapter 8). Considering  the
previously described interpretation   of   the   N 1    response,    it is tempting   to
suggest that the negativity, which is presumed to be removed during
anesthesia, corresponds or relates   to the non-specific contribution   of  the   N 1
deflection. Although alternative explanations (especially those dealing with the
selectively of the presumed action) cannot be excluded on the basis of our
results, this suggestion is supported by observations obtained from studies of
drug-induced sedation. For example, Wolpaw and Penry [1978] have reported
that ethanol decreased the amplitude of the vertex Nl-P2 waves, but did not
change the amplitude   of the temporal T-complex that contributes   to   the   N 1
response. Additionally, Pang and Fowler [1995] observed that sub-anesthetic
doses  of  N2O  (0%,   25%, 35% inspired)  had a dose-dependent effect  on  the
Nl   evoked  by the first stimulus  in a brief train. whereas  the  N 1   responses   of
the following stimuli remained unaffected. These results were taken as
evidence   that the non-specific   N 1    subcomponent    is particularly sensitive   to
drug-induced sedation. If it indeed can be presumed that anesthesia selectively
reduces a non-specific action process, it is possible that the readout of sensory
information and the formation of a sensory memory trace have remained
(partly) unaffected. In addition, because of the absence of an attention-trigger,
which is supposed    to be functionally related    to the non-specific activity,    it

2 Niiatgnen and Picton [1987] have suggested that this component is generated in the
frontal motor and premotor cortex under the influence of the reticular formation and the
VL nucleus of the thalamus. However, they have also reported that another generator
location for this component cannot be ruled out.
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seems unlikely that the eliciting stimuli have reached consciousness in those
conditions in which  the  N 1  amplitude  did not reach values above pre-stimulus
baseline level. Thus, although certain physical properties    of the eliciting
stimuli might have been encoded in sensory memory, the stimili were
generally not detected during propofol/alfentanil anesthesia.

Discrimination of tones
LLAEPs were recorded during oddball tasks, which allowed analysis of
possible discriminative auditory processing. It was hypothesized that if
discriminative processing would continue during anesthesia, this would be
manifest as a MMN and/or a P3a for the infrequent stimuli. Although in the
first study, there were no significant differences between the LLAEPs for
frequent and infrequent stimuli,  N 1  and  P2 peak amplitudes were found  to  be
relatively larger  for the infrequent tones   in  the main study.   Be fore discussing
the possibility that these amplitude differences may reflect comparable
processes that underlie the awake MMN and P3a, the significance of these
components is described  (see also paragraph 4.3.2).

The MMN is a fronto-central negative component which is elicited by any
discriminable change in a repetitive stimulus, even in the absence of attention
IN88Wnen and Picton, 1987; Nuttinen and Lyytinen,   1995].   It is generally
believed that the MMN reflects a "pre-percepmal detection Of stimulus
change" [Natitanen  and  Picton,   1987].  The  onset  of the  MMN  usually  varies

around 100 msec and its duration around 200 msec. As the difference between
the deviant and standard stimuli increases, the MMN becomes larger and
earlier, occasionally overlapping  the  N l  deflection  [Ford  et  al.,   1976;  Sams  et
al.,    1985]. The occurrence   of an automatic neuronal-mismatch process,   as
reflected in the MMN, implies the existence of a neuronal representation or
trace  of a preceding stimulus  (cf.,  one  of the presumed functions  of  N t) .   Such
trace is presumed to form the neurophysiological basis of sensory rnernory

[Midntysalo and Naaeinen,  1987]. The presence of a MMN might be necessary
but not sufficient for a conscious discrimination of a deviant stimulus
[Nabdnen and Picton,  1987].

The P3a is a positive component which is elicited by occasional shifts in one
or more physical features of an ongoing train of unattended stimuli. Squires et
al. [1975] observed that the P3a was probability-dependent but did not vary
with the subject's task. They suggested that "the P3a may index a basic
sensory mechanism which registers any change   in a background stimulus"   (p.
399). Its relationship with the MMN is unclear. More frequently it is
described in conjunction with the preceding N2b, which has been suggested to
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be associated with an "expedancy mismatch" rather than with a "physical
mismatch" [Nadtanen, 1986]. Squires  et  al. [1975] considered it possible  that
N2b and P3a are aspects of the same modality-non-specific process.

In the preliminary study no evidence was found for discriminative processing

during anesthesia on the basis of mean amplitudes, although P2 seemed to
have somewhat larger amplitudes    for the infrequent tones (Chapter   7).    In
contrast,   N 1   and  P2 peak amplitudes were found  to be significantly larger  for
the infrequent tones than for the frequent tones in the main study, revealing a
sustained ability to respond differently upon tones with different pitch and
occurrence frequency (Chapter 8). These inconsistent results   can be partially
explained by the larger subject population in the main study relative to the
preliminary study. Additionally, they might be due to the different types of
amplitude measures that were used in the statistical analyses: Mean amplitudes
in the preliminary study versus peak-to-peak amplitudes in the main study.

Peak amplitudes are generally considered more sensitive than mean amplitudes
because they are less affected by variance in latency and slope of the different
peaks and because they do not integrate data over a fixed time interval.
Furthermore, the EEG trials were digitally filtered in the main study only,
which improved the quality of the LLAEP signals and justified the use of peak
amplitudes.

Comparisons with the preoperative recordings suggested that the mechanisms

underlying discriminative processing may have changed during anesthesia.

Moreover, the described modifications have produced some uncertainty about
whether the observed raise in Nl and P2 amplitudes reflected genuine
(automatic) detection of stimulus deviance or were due to selective
refractoriness. This latter phenomenon refers to the fact that a deviant stimulus
activates some "fresh" neuronal populations that were not activated by the
preceding standard stimuli. The responsiveness  of  the  N 1   and P2 generators  is
decreased for a period of time after the presentation of a stimulus and this
decrease is partially specific  to the stimulus.  Thus the amplitude decrease  is

greater when generators are reactivated by an identical stimulus than when
they are reactivated by a different stimulus [Natitiinen and Picton,  1987].

The Nl deflection showed a relative increase in amplitude for the infrequent
tones, in the preoperative- as well as intraoperative recordings. This
resemblance in effect of stimulus deviance may suggest similar underlying
mechanisms, possibly related to those generating the MMN. In that case, the
augmention  of  N 1 for infrequent tones might  have  been  due  to the addition  of
a MMN, reflecting the automatic detection of stimulus deviance. The
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prominent overlap  with  the Nl deflection might be explained  by the large
stimulus deviance, putting forward the onset  of  the  MMN   [Ford  et  al.,   1976;
Sams   et   al.,    1985]. In addition, a rather early onset   of   MMN   has   been
reported during drowsiness [Winter et al.,  1995] and during stage II sleep and
REM sleep [Campbell  et  al.,   1992],   thus  may  also be related  to the specific
state of reduced arousal levels. In the study of Campbell et al. [1992] the
MMN observed during sleep seemed to start even before onset  of Nl, which
is in agreement with our results (see for example Figure 8-ld) Furthermore,
in the study of Winter   et al. [ 1995]    the   N 1 increase during drowsiness
appeared to be dependent on the magnitude of stimulus deviance which makes
an   explanation in terms of selective refractoriness less likely. For these
reasons it is tempting to suggest that indeed a small MMN might have been
present during anesthesia.

Naadnen and Lyytinen [1995] have postulated that the MMN might be
attenuated during sleep because of reduced cortical activation, causing either a
weaker and less accurate stimulus representation in sensory memory, or a
reduced activational support to the mismatch process itself. Although the first
interpretation would imply that sensory processing is restrained, the second
interpretation might suggest that sensory processing has remained unaffected.
If this latter suggestion appears to be true, and if the observed increased
negativity corresponds with the MMN, it would support the hypotheses that
the occasional shifts in tone-pitch might have been automatically detected
during anesthesia. Further support for this hypothesis could be obtained in
future research by including both small and large deviants in the oddball tasks
[cf.   Winter  et  al., 1995]. Since  the  MMN is known  to be sensitive  for  the
magnitude of stimulus deviance, a difference in the onset and amplitude of the
MMN of both deviants would yield the possibility to reject explicitly the
alternative explanation of selective refractoriness.

The P2 deflection was found to be selectively enlarged for the infrequent tones
in the intraoperative recordings. This effect   was more consistently observed
across patients   than the enlarged   N 1.    In the preoperative recordings,    the    P2
amplitude was similar for the frequent and infrequent tones, although a
prolonged positivity was present for the deviants, possibly associated with the
P3a. An increase in P2 amplitude for deviants has also been reported during
stage II sleep [Harsh  et  al, 1994; Nielsen-Bohlman  et al., 1991, Winter  et  al.,
1995], but its origin and functional significance remain unknown. Winter
[1995] considered it unlikely that the increase of this early positive peak would
be equivalent to the P3a observed during wakefulness, but he remained also
indecisive whether it paralleled the awake  P2. In contrast, Harsh  et  al.   [1994]
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found no sufficient support in their data to rule out the possibility that the
early sleep positivity (P220) reflects the same processes underlying the awake
P3a. Plourde et al. [1993], examining LLAEPs during sufentanil anesthesia,
identified the positivity for infrequent tones as a P3a without reservation. The
claimed P3a was of small amplitude but could at least in some situations be
distinguished from the preceding P2 as a separate deflection. From these
descriptions it becomes apparent that the identity of the process underlying the
increased positivity for infrequent stimuli remains as yet uncertain. However,
it is important to note that during stage II sleep the P2 increase for deviants
has been found to be sensitive for the magnitude of stimulus deviance [Winter
et al.,  1995]  and  the  type of instruction given (attend versus ignore) [Harsh  et
al., 1994]. These results  and  the  fact  that a similar P2 effect is generally  not
observed during the awake state suggest that the P2 increase for infrequent
stimuli cannot solely be explained by differences in refractoriness effects.
Consequently, it might be possible that some of the neural mechanisms
underlying sensory discriminative processing remain active during anesthesia,
at least in those patients for which a clear P2 difference could be observed.

Discrimination  of words
In order to examine the ability to process more meaningful stimuli, one-
syllable words were randomly interspersed between the standard and deviant
tones during two oddball tasks within    the main study. The LLAEPs    in
response to the words showed a slow positive shift but separate peaks could
not be distinguished. In Chapter 8, it has been suggested that the ambiguous
waveforms might have been due to the physical characteristics of the stimuli
(e.g., long rise-times)   or the larger variability between the stimuli   (e.g.,
different durations and intensity patterns),   but most likely  to the anesthetic
state    of the patients. The question arises then whether this means    that    the
ability to process speech-stimuli is totally suppressed during anesthesia or that
LLAEPs are not adept to measure the processing of stimuli with more
complex and variable acoustic characteristics. The negative results   of   the
postoperative recognition test (Chapter 9), suggest  that the first interpretation
is most plausible. This is further supported by the fact that reliable LLAEPs
for the same set of words could be obtained in the awake state, albeit in a
different task situation [Van Hooff  et   al.,   1995, 1996]. Nevertheless,   the
words did elicit a certain cortical reaction thus some rudimentary form of
processing might have been present. In that case. the tones and words were
apparently not processed  in the  same way during anesthesia [c.f., Lawson  and
Gaillard, 1981a; 198lb].
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11.1.3 Clinical utility
As was discussed in the preceding paragraph, the presence of intraoperative
LLAEP waveforms suggested that some form of primary sensory processing
may continue during anesthesia and that presented stimuli may leave a
neuronal memory trace, despite the patients' inability to detect the stimuli. The
appearance of such a waveform can therefore be used to indicate if and when
these processes might have occurred during anesthesia. This has important
consequences for determining the incidence of auditory processing and its
relationship with patient characteristics and the time of recording (identifying
vulnerable patients or epochs of increased   risk). In addition, the presence   or
absence of such waveform can be used as a reference measure for validating
signals that have been suggested to improve monitoring of anesthetic depth.
That is, if signals suggested for monitoring are capable of predicting the
occurrence of LLAEP waveforms it could be assumed that these signals indeed
do measure some aspect(s) of perceptual functioning, and may thus improve
conventional monitoring.

Incidence of auditory processing
In the first clinical study (Chapter 7), the intraoperative incidence of LLAEP
waveforms, and thereby primary auditory processing, was not discussed but
can be derived from the ratings provided by the five unbiased and experienced
researchers (see Table   7-7). The conclusion   that a reliable waveform   was
present was drawn when all raters judged the recording as containing a
LLAEP complex or when four of them did so and the remaining one rated the
recording as equivocal. In the main clinical study (Chapter 8), objective
criteria  were  used to assess whether  or  not a reliable   Pl-N 1 -P2 complex  was

present. These criteria were based upon the median P1Nl amplitude (larger
than   1.46   BV), the median   N 1 P2 amplitude (larger   than    1.73   BV)    and   the
correlation with an overall average wave form (r larger than .55). When a
recording met all these criteria it was judged as a credible LLAEP response.
In both studies,  only the recordings in response  to the frequent stimuli  were
subjected to the assessment procedures because of a better signal-to-noise
ratio. The derived incidence per recording period is shown in Table   11-2.
Results  from  the main study (Chapter 8) revealed  that the patients'  age  and
preoperative anxiety did not correlate with the occurrence of LLAEP
waveforms.

The two studies showed a similar pattern. The highest proportion of reliable
LLAEP waveforms was found for the epoch before CPB, whereas the lowest
proportion was found    for the epoch   at the start   of CPB. Based on these
figures, one might suggest that the period before CPB is particularly critical
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with respect to the occurrence of perceptual processing, presumably related to
the high degree of surgical stimulation during this period. The period at the
start of CPB seems, on the contrary, less critical. The percentage of patients
in which a reliable LLAEP was present during at least one of the recording
epochs was 75% in the first study and 70% in the main study. These figures
are much higher than could be expected on the basis of implicit memory tests

or   the   IFT   [c.f., I.F. Russell, 1986]. However,   a few remarks about   our
measurements    need    to    be    made here. First, the criteria    that   were    used    for
classification were arbitrary and dichotomous. The classification would    be
more refined by incorporating a set of criteria that yield intermediate or more
specified ratings, which, however, is not yet available nor acknowledged in
the literature. Second, the presence  of a  P 1-N 1-P2 complex  does not indicate
storage in long-term memory but possibly the formation of a neuronal trace
which forms the basis of sensory memory [Mantysalo  and  Natitanen,   1987].
Third, the presence of a Pl-Nl-P2 complex does not necessarily indicate
awareness but primary auditory processing3.

Table 11-2: Incidence of intraoperative auditory processing as derived from the
presence of a reliable AEP waveform.

recording first study  (N = 12) main study (N =40)

period rating procedure criteria procedure

before CPB 8/11 73% 18/34 54%
start CPB 1/12 8% 6/34 18%
end CPB 4/11 36% 11/34 32%
after CPB 4/11 36% 8/40 20%

total 38% 30%

In conclusion, the incidence of auditory processing can be estimated using
LLAEPs. Classifications based upon features  of the observable LLAEP peaks
have  demonstrated  that  in  30%  -  38 %  of all examined cases the effectiveness
of the administered anesthetics to suppress auditory processing might at least

be questioned. This should be considered sufficient justification for continuing
the search for more accurate measures to monitor intraoperative information
processing.

3 Only those patients who showed an Pl-Nl-P2 complex and Nl amplitudes clearly
above prestimulus baseline levels    (see top Figure     11-1)    have possibly experienced
awareness of the presented stimulus.
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Long-latency AEPs as a reference measure
In the introduction it was explained that the fundamental problem in
developing a reliable monitor of anesthetic depth, is the lack of an objective
reference measure in relation to possible auditory processing and awareness.
Postoperative memory assessment procedures have the disadvantage that they
are not directly dealing with perceptual processing itself. Memory tests are
performed following a period of time after information presentation, during
which many events might occur which potentially could affect the results.    In
addition, considering the amnesic effects of many anesthetics they may
underestimate the actual presence of intraoperative auditory processing
[Thornton and Newton,  1989]. A technique  that does indicate the presence  of
information processing without delay is the IFT, isolating one arm from
neuromuscular block. However, the IFT is characterized by other limitations,
dealing primarily with the fact that it is difficult to distinguish spontaneous
movements from purposeful responses to command and that it can be used for
only a limited period  of time during surgery.   In the present project, LLAEPs
have been used as an alternative reference measure, reflecting early perceptual
processes. In Chapter 10 is described how LLAEPs were used to investigate
whether MLAEPs could improve conventional monitoring techniques with
respect to the risk of awareness. The main results of that study were (1) Pa
and Nb latencies discriminated recordings comprising a recognizable LLAEP
waveform from those comprising no recognizable LLAEP waveform, (2)
MLAEP measures enhanced the accurate prediction of the occurrence of an
LLAEP waveform relative to traditional  (MAP  and  T)  and EEG measures.  It
was therefore suggested that the MLAEP may be used for routine monitoring
of perceptual processing during anesthesia.

The strength of LLAEP measures is their close relationship with the processes
that underlie perception and awareness. In addition, they are independent of
behavioral reactions (in contrast to the IFT) and provide indications about the
degree of information processing at the moment that it occurs (in contrast to
implicit memory tests). However, because of the comprehensive change in
LLAEP waveform further research is needed to arrive at an unequivocal
interpretation  of the results (see previous section). Additional recordings  from
more electrode positions during periods of light and moderate anesthesia,
would facilitate such an interpretation. Another flaw appeared to be of more
practical origin. A relative long time was required to obtain a sufficient
number of trials for averaging (mean recording time in the main study was 10
min 36 sec), due to the poor signal-to-noise ratio and to regular interferences
of surgical manipulations.  It is unlikely that during  such a lengthy recording
time the state of the patient has not changed. We have attempted to obviate
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this feasible problem as much as possible by incorporating restrictions upon
changes in the physiological state of the patients (bloodpressure and
temperature). However,   much more progress would be achieved   when   the
necessary time for recording could be reduced and artifacts could be removed
from  the  raw EEG signal. In conclusion, LLAEPs have proven  to be valuable
as an intraoperative reference measure providing direct evidence for primary
perceptual processing, but the conditions for recording need to be improved to
incorporate them as a practical research tool at this moment.

11.2 ERP-based assessment of memories for intraoperative events

In the studies presented in this thesis, a memory assessment procedure was
used that differed from those traditionally used to detect (implicit) memories
for intraoperative events. The main reasons for doing so were: (i) to obtain
more knowledge about the mechanisms that underlie the obtained effects, (ii)
to be less dependent on the difficult selection of suitable stimulus material, and
(iii) to enable application of individual assessment procedures (see Chapter  9).
The memory assessment procedure used ERPs, RT and error rates as
dependent measures. It was based upon the assumption that intraoperatively
presented items would gain special significance for the patients when they are
perceived, either with or without awareness. This, in turn, would provide the
presented items with the quality to elicit a P300-like component when
presented occasionally between not-presented items. In addition, it might
create indecision how to respond, causing prolonged RTs and more accidental
recognition responses. The utility of this procedure to detect covert memories
was first tested   in a laboratory situation (Chapter 6). Results   from this study
revealed that a P3-like component was reliably elicited by learned words even
when these did not require an overt indication of recognition. It was suggested
that the ERP-based procedure might be valuable for situations in which
patients are unable to recall information of which they might have some
knowledge. This suggestion was initially supported  by the results   from  the
first clinical study (Chapter 7), but could not be replicated in the main study
(Chapter 9). Differences between these studies   that may partially explain   the
inconsistent results are the context and surgical period of initial presentation.
In the preliminary study the words were repeatedly presented as lists within
two separate epochs during CPB, whereas  in  the main study the words  were
presented as novels during oddball tasks administered before CPB and at the
end of CPB. The negative results in the main study may indicate that the
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administered anesthetics have efficiently suppressed encoding and/or retention
of the presented words, thus that anesthesia was adequate with respect to its
function to achieve amnesia. To arrive at this conclusion the possibility that
the applied procedure was not sensitive enough to detect memories outside
awareness needs to be excluded. This is discussed in paragraph 11.2.1, part of
which deals with the equivocal distinction between explicit and implicit
memory. Furthermore, regarding the high degree of required effort and the
large number of patients could not join the postoperative test because of their
weakened condition, the presumed advantages of this ERP-based method need
to  be  reconsidered.  This is discussed in paragraph  11.2.2.

11.2.1 Sensitivity of the ERP-based procedure
In the validation study (Chapter 6), it was demonstrated that previously
learned words maintained the ability to provoke a recognition reaction in the
brain in absence of overt recognition responses. Although this ability was still
present after a one-day interval between learning and testing, the observed
effects  were less robust than after  a   15 min interval. The sensitivity  of  the
procedure may thus crucially depend on the time between initial presentation
and administration of the test. In the described clinical situations, testing could
not take place until about 18-20 hours after the operation. Consequently, this
relative long interval between presenting and testing may have negatively
influenced the results. Another factor that might have reduced the sensitivity
of the procedure is the weakened condition of the patients. The ERP effect for
the explicitly recognized items was smaller after the operation than before the
operation, presumably due to an increased number of misses and to a decrease
in attention and task involvement. Thus, the less attention given to the
presented task stimuli may have reduced the likelihood of finding effects of
covert recognition. In addition, the patients were much older than the
volunteers    in the validation study.    Even in simple discrimination tasks   the

P300  component is smaller for older than younger subjects [e.g., Dujardin  et
al.,  1993].  This  may  be  due to differences in latency variability [Pfefferbaum
et  al., 1984], differences in processing strategy and diminished processing
resources  in the elderly [Dujardin  et  al. 1993]. Consequently, the relative  high
age of the patients may have reduced the possibility of finding a possible P300
effect.

More critical might be the possibility that the ERP-based procedure is not
sensitive enough to detect memories outside awareness. In Chapter  9   it   is
discussed that some rudimentary recognition reaction might be required in
order to observe a P3 response for a presented item. The presence of such
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elementary recognition reaction was suggested to account for the results from
the patients showing some evidence for postoperative memories in the first
study. This interpretation would imply that these patients   were not totally
unaware  of the  fact  that the item(s) might  have been previously presented.  In
other words, according to this view, they might have experienced explicit
memory for some of the intraoperatively presented words. Thus, ERPs and the
relative higher rate of accidental recognition responses have to be appraised as

very sensitive measures of explicit memory and not as measures of implicit
memory: Consequently, if this reasoning is correct, it can be suggested that
the ERP-based procedure that was used in our studies, is more sensitive than
standard explicit memory tests using exclusively behavioral responses, but is
not competent to detect memories outside awareness. However, three
considerations have to be addressed here. First, on the basis of our results it is
premature to conclude that ERPs are under all circumstances insensitive to the

processes mediating priming and other implicit memory phenomena. Second,
in some situations the distinction between explicit and implicit memory is
ambiguous and does not offer the best means to explain obtained results.

Third, the distinction between explicit and implicit memory is not necessarily
analogous   with the dichotomy conscious and unconscious memory    [c. f.,

Moscovitch,  1995].

Explicit-implicit memory distinction
As was described  in the introduction (paragraph 2.1), recognition judgements
are frequently made on the basis of a mixture of conscious recollection and
feelings of familiarity or "perceptual fluency" [Mandler, 1980; Jacoby,  1983].
Whereas recollection can be identified as an example of explicit memory, the
status of the familiarity component with respect to the explicit-implicit
distinction is less clear  [Rugg, 1995; Squire and Knowlton, 1995]. Because  the

patients had no conscious recollection of the intraoperatively presented words,
it is tempting to suggest that processes underlying the familiarity component of
recognition memory have contributed to the response uncertainty (more
accidental recognition responses) and have mediated in the generation of a P3-
like response. This proposition and the strong alliance of explicit and implicit
memory is consistent with a variety of ERP results.

Potter et al. [1992] have demonstrated that scopolamine impaired overt

recognition judgements but preserved old/new ERP effects. Potter et al.  [1992]

4 The fact that one of the patients expressed his doubts about whether or not he had
heard one of the intraoperatively presented words is left out of the discussion, because in
this case the involvement of processes associated with explicit memory is less debatable.
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explained this divergence by suggesting that the observed ERP effects are not
related to recollection processes but reflect differences in the relative
familiarity   of   old   and new items. With respect   to the explicit-implicit
distinction, it is further relevant to note that scopolamine has been found to
impair performance on explicit memory tests, but spares performance on
implicit memory tests [Nissen   et   al.,   1987]. The familiarity component   of
recognition memory and the processes mediating in implicit memory
performance may thus share some brain mechanisms.  The same hypothesis has
been suggested by Leiphart et al. [1993], based on the outcome that previously
encountered stimuli provoked P3 responses in both implicit (perceptual
identification) and explicit (yes/no recognition) memory tasks. Furthermore, in
their perceptual identification task, the P3 was found to be larger for studied
words than not-studied words regardless of whether or not they were correctly
identified. The authors therefore suggested that this effect can occur without
conscious access [Leiphart et al.,  1993]. In accordance with this result, Bentin
et al. [1992] reported that ERPs evoked by previously presented words that
were misclassified as new during a recognition task, were nonetheless more
positive going than those evoked by genuinely new words. Furthermore, they
observed a comparable ERP effect in a subsequent implicit memory task
(semantic or lexical decision), which appeared to be sensitive to the number
and     recency of previous repetitions. Because these factors are known    to
modify performance on explicit memory tests, it was suggested that ERPs are
sensitive  to both implicit and explicit aspects of memory [Bentin  et  al.,   1992].

Not all ERP memory studies have reported the same effects and some even
arrive at interpretations  that  are  quit the contrary [e.g., Smith and Halgren,
1989]. After reviewing a large number of studies. Rugg [1995] concluded that
although the old/new ERP effects do vary as a function of the words' relative
familiarity, awareness of the fact that an item has recently been experienced is
a necessary, if not sufficient, condition for the emergence of this effect.
Furthermore, Rugg [1995] provided an alternative explanation to account for
the results that contradicted this latter conclusion, like those reported by
Bentin  et  al.  [1992].  Rugg [1995] suggested that "subjects  may have adopted  a
criterion for choosing a yes-response that was so strict as to dissociate a
continuous measure of recognition,   ERPs,    from the discontinuous measure   of
yes/no responding" [p. 150]. He suggested that this would imply that in the
study of Bentin et al.  [1992] some of the missed items might have been judged
old under a more lenient response criterion. In this view, the gain of using
ERPs in addition to yes/no responses is that they are continuous measures Of
recognition, being more sensitive to fine differences in, for example, relative
familiarity.
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In conclusion, ERPs allow a more refined evaluation of postoperative
memories than do behavioral measures of recognition. However, further
research is needed to examine whether or not ERPs reflect aspects of both
explicit and implicit memory.

11.2.2 Limitations and strength of the procedure
Although the reasons for adopting this ERP-based procedure may still hold, its
utility will crucially depend on whether or not it appears to be sensitive for
memories outside awareness (see previous discussion). Furthermore,      a
practical limitation appeared to be that the test could not be administered to a
large number of patients. For many of the patients the test would require too
much effort considering their postoperative condition. Postponing the test, for
example  to the afternoon, might have decreased the number of "drop-outs".
However, apart from a likely decline in the strength of the memory trace
and/or reduced stimulus significance (Chapter 6), it also would have increased
the risk for interferences due to visits from staff and family. Furthermore, the
mechanisms that underlie covert postoperative memories could unfortunately
not be identified because only a small number of patients showed some but
varied evidence for postoperative memories.

The strength of the procedure was that the results could be evaluated on an
individual basis using the Bootstrap technique. For this reason, we have at
least  in one patient statistically supported evidence for postoperative memories.
Furthermore, the relative higher number of accidental yes-responses upon
intraoperatively presented words, as was observed in one patient from the
preliminary study, could also be considered reasonable evidence for
postoperative memories, because repeated stimulus presentations were
involved. In comparison, it seems less justified to label one or two "hits" in a
category or free association task reasonable evidence for implicit memory in
one particular patient [cf., Roorda-Hrdlickova et al. 1990; Jelicic  et al.,  1992;
Schwender  et  al., 1994]. Because the group results revealed no indications  for
postoperative memories, in neither the category association task nor the ERP
recognition task, this individual evaluation appeared to be essential.

In conclusion, the procedure might be valuable for situations in which the
integrity of (explicit) memory is in question especially in the light of
individual assessment. However, the procedure appeared to be too
comprehensive and too laborious to apply to detection of memories for
intraoperative events.
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11.3 General conclusions and recommendations

The major aim of this project was to attain and evaluate measures that can be
used to detect, analyze and monitor the level of intraoperative information
processing. With respect to this aim, it was hypothesized that different classes
of AEPs and ERPs would be of specific importance, each reflecting different
aspects of information transport, processing, storage and retrieval. With
respect   to the general hypotheses presented in section   5.1.8, the following
conclusions can be drawn from the reported results:

(1)  Features from the midlatency AEP components were found to have
predictive value for the occurrence of LLAEPs, reflecting primary
sensory processing. Recording of MLAEPs may thus significantly add
to conventional intraoperative monitoring techniques (Chapter 10).

(2)        The   occurrence   of  Nl   and P2 responses appeared   to be useful   as
intraoperative reference measures, indicating if and when elementary
abilities to process incoming auditory information is preserved.
Furthermore, changes in the amplitude and latency of these peaks have

provided new and challenging notions about how sensory and
discriminative processing are affected by general anesthesia (Chapter 7
and 8).

(3)  The utility of the ERP-based procedure to detect postoperative
memories can be questioned in relation to its sensitivity and required
effort (Chapter  9).

The applied character of the studies has put several restrictions upon the
described measurements. In addition, it was frequently not possible to control
for all physiological variations across recording epochs and patients.
Recommendations for further research are therefore mainly concerned with
creating a more controlled environment in which the recordings can be done.
As previously discussed, this should include recordings from more electrode
positions during light and moderate levels of anesthesia to improve
interpretations of the intraoperatively recorded LLAEPs. Furthermore, in this
exploratory stage it can be recommended to record mainly in epochs without
surgical stimulation to reduce the time necessary for obtaining a sufficient
number of artifact-free trials. The combination   of a psychological approach
and a clinical approach appeared to be fruitful in every respect and can as
such be recommended to all researchers  in the field.

222



REFERENCES, APPENDICES,

AND SUMMARY



REFERENCES

Allen,   J.J.,   Iacono,   W.G.   and   Danielson,   K.D.   ( 1992). The identification of concealed
memories using the Event Related   Potential and Implicit Behavioural measures:    A
methodology  for  prediction  in  the  face  of  Individual differences. Psychophysiology. 29:
504-522.

Andrade, J. (1995). Learning during anaesthesia: A review. British Journal Of Psychology.
86: 479-506.

Baddely,     A. (1995) Working memory.     In:     M. S. Gazzaniga     (Ed.) 77ie cognitive
neurosciences (pp. 755-764). Cambridge, MA: The MIT Press.

Bauer, R.M. (1984). Autonomic recognition of names and faces in prosopagnosia: A
neuropsychological application   of the guilty knowledge   test.    Neuropsychologia.    22:
457469.

Bennet, H.L., Davis, H.S., and Giannini, J.A. (1985). Non-verbal response to
intraoperative conversation.  British Journal  of Anaesthesia,  57:  174-179.

Bentin,   S., and Moscovitch,   M. (1990). Psychophysiological indices of implicit memory
performance. Bulletin of the Psychonomic  Society,  28:  346-352.

Bentin, S., Moscovitch,   M.,   and   Heth,   I. (1992). Memory   with and without awareness:
Performance and Electrophysiological evidence of savings. Journal   of  Experimental
Psychology,  Learning,  Memory  and  Cognition,   18:   1210-1283.

Bentin,  S., and Peled,  B.  (1990). The contribution of task-related factors  to ERP repetition
effects at short and long lags. Memory and Cognition, 18: 359-366.

Block, R.I., Ghoneim, M.M., Sum Ping, S.T., and Ali, M.A. (1991). Human learning
during general anesthesia and surgery. British Journal OfAnaesthesia, 66: 170-178.

Boeke, S., Bonke, B., Bouwhuis-Hoogerwerf,    M. L., Bovill,   J.G., and Zwaveling,    A.
(1988). Effects of sounds presented during general anaesthesia on postoperative course.
British Journal of Anaesthesia. 60: 697-102.

Bon€bakker, A. (1995). Memory during general anaesthesia: Variations in stimulus
charaaeristics. Ph.D. Thesis. Wageningen: Ponsen & Looijen.

Bonebakker, A.E., Bonke, B., Klein, J., Wolters, G., and Hop, W.C.J. (1993). Implicit
memory during balanced anaesthesia, Lack of evidence. Anaesthesia, 48: 657-660.

Bonke, B. (1990). Psychological consequences of so-called unconscious perception and
awareness in anaesthesia. In: B. Bonke, W. Fitch, K. Millar (Eds.) Memory and
awareness in anaesthesia (pp 197-218). Amsterdam: Swets & Zeitlinger.

Bonke, B., Schmitz, P.I.M., Verhage, F. and Zwaveling, A. (1986). Clinical study of so-
called unconscious perception during general anaesthesia. British Journal Of
Anaesthesia. 58. 957-964.

Breckenridge,  J., and Aitkenhead,  A.R. (1981). Isolated forearm technique for detection  of
wakefulness during general anesthesia. British Journal OfAnaesthesia, 53: 665-666.

Breckenridge,   J., and Aitkenhead,   A.R. (1983). Awareness during anaesthesia: a review.
Annals of the Royal College of Surgeons of England, 65.93-96.

Brice, D.D., Hetherington,  R.R., and Utting,  J.E.  (1970). A simple study of awareness  and
pain in general anaesthesia. British Journal OfAnaesthesia, 42: 535-542.

Brunia, C.H.M., Mbcks, J., and Van den Berg-lensen, M.M.C. (1989). Correcting ocular
artifacts in the EEG: A comparison of several methods. Journal Of Psychophysiology.
3: 1-50.

Butler, R.A. (1972a). Frequency specificity of the auditory evoked response to
simultaneously and successively presented stimuli. Electroencephatography and Clinical
Neurophysiology, 33. 271-282.

225



Butler, R.A. (1972b). The auditory evoked response to stimuli producing periodicity pitch.
Psychophysiology, 9: 233-237.

Campbell,   K.,  Bell,  I., and Bastien,  C. (1992). Evoked potential measures of information
processing during natural sleep. In: R. Broughton, R. Ogilvie (Eds.) Sleep, Arousal
and Performance (pp. 88-116). Boston: Birkhauser.

Chang, T., Dworsky,   W.A., and White,   P.D. (1988). Continuous electromyography   for
monitoring depth of anaesthesia. Anaesthesia and Analgesia, 67: 521-525.

Cheek, D.B. (1959). Unconscious perception of meaningful sounds during surgical
anesthesia as revealed under hypnosis. American Journal Of Clinical Hypnosis.  1:  101-
113.

Clark,  D.L., and Rosner,  B.S. (1973). Neurophysiologic effect of general anesthetics:  The
electroencephalogram and sensory responses in man. Anesthesiology, 38: 564-582.

Cluitmans,  P.J.M. (1990). Neurophysiological monitoring Of anesthetic depth. Ph.D. Thesis.
Eindhoven: Eindhoven University of Technology.

Cluitmans, P.J.M. and Beneken, J.E.W. (1991). Non-linear analysis of sensory evoked
potentials.    Proceedings   of   the    13th   Annual   International   conference   of   the   IEEE
Engineering  in  Medicine  and  Biology  Society,    13:   419-420.

Cobcroft,   M.D., and Forsdick,   C. (1993). Aawareness under anaesthesia: The patients'
point of view. Anaesthesia and  Intensive Care. 21: 837-843.

Cogliolo, P., Romano, V., Villani, R., Duval., M., Santangelo. E.. and Cuocolo. R.
(1990). Factors influencing the occurrence of awareness. In: B. Bonke, W. Fitch, K.
Millar (Eds.) Memory and Awareness in Anaesthesia (pp. 110-114). Amsterdam: Swets
& Zeitlinger.

Coles, M., Gratton,   G., and Fabiani,   M. (1990). Event-related brain potentials.   In:   J.T.
Cacioppo, L.G. Tassinary (Eds.) Principles of psychophysiology. (pp 413-455). New
York: Cambridge University Press.

Cook III, E.W. and Miller, G.A. (1992). Digital filtering: Background and Tutorial for
Psychophysiologists. Psychophysiology, 29: 350-367.

Cooper, R., Osselton, J.W., and Shaw, J.C. (1980). EEG Technology. London: Butterwort
& Co Publishers.

Cork, R.C., Kihlstrom, J.F., and Schacter, D.L. (1992). Absence of explicit and implicit
memory in patients anesthestized with sufentanil/nitrous oxide. Anesthesiology, 76:
892-898.

Couture, L.J., Greenwald,  B., and Edmonds  H.L.  Jr (1990). Detection of responsiveness
during anesthesia. In: B. Bonke, W. Fitch, K. Millar (Eds.) Memory and Awareness in
Anaesthesia (pp. 320-329). Amsterdam: Swets & Zeitlinger.

Cox,   P.N., and White,   D.C.   (1986). Do oesophageal contractions measure "depth"   of
anesthesia. British Journal of Anaesthesia. 58: 131P-132P.

De  Beer,  N.A.M.  (1996).  Monitoring  adequacy  of  anesthesia  using  spontaneous  and  evoked
electroencephalographic   activity. Ph.D. Thesis. Eindhoven: Eindhoven University of
Technology.

De   Beer,    N.A.M.,    Van de Velde,    M., and Cluitmans,    P.J.M. (in press-a). Clinical
evaluation of a method for automatic detection and removal of artifacts in auditory
evoked  potential  monitoring.  Journal  of Clinical  Monitoring.

De Beer, N.A.M., Van Hooff, J.C., Cluitmans, P.J.M.. Korsten, H.H.M.. Grouls, R.J.E.
(in press-b). Hemodynamic responses to incision and sternotomy in relation to the
auditory evoked potential and spontaneous EEG. British Journal OfAnaesthesia.

De Beer, N.A.M., Van Hooff, J.C., Brunia, C.H.M. Brunia, Cluitmans, P.J.M., Korsten,
H.H.M., and Beneken,  J.E.W. (in press-c). Midlatency auditory evoked potentials  as
indicators of perceptual processing during general anesthesia. British Journal Of
Anaesthesia.

226



Dixon.  N.F. (1981) Preconscious processing. New-York: Wiley.
Donchin,  E.  (1981).  Surprise?  . . . Surprise! Psychophysiology. 18: 493-513.
Donchin, E., Callaway,   E., and Cooper,   R. (1977). Publication criteria for studies   of

evoked potentials in man. In: J.E. Desmedt (Ed.) Attention, voluntary contraction and
event-related cerebratpotentials. (pp. 1-11) Basel: Karger.

Donchin, E., Ritter, W., and McCallum, W.C. (1978). Cognitive psychophysiology: The
endogenous components of ERP. In: E. Callaway, P. Teuting, S.H. Koslow (Eds.)
Event related brain potentials in man (pp.  349-411). New York: Academic Press.

Dubovsky,   S.L., and Trustman,   R. (1979). Absence of recall after general anaesthesia.
Anesthesia and  Analgesia.  55:  696-701.

Dujardin, K., Derambure, P., Bourriez, J.L., Jacquesson, J.M., and Guieu, J.D. (1993)
P300 component of the event-related potentials (ERP) during an attention task: Effects
of age, stimulus modality and event probability. International journal of
Psychophysiology, 14: 255-267.

Dwyer, R.C., Rampil, I.J., Eger II, E.I., and Bennet, H.L. (1994). The
electroencephalogram does not predict depth of isoflurane anesthesia. Anesthesiology,
81: 403-409.

Dywan,J., Segalowitz, J. , and Hendry, K. (1995). The late positivity P300 is not an
automatic response to item repetition. Psychophysiology, 32 (suppt) Abstract S29.

Edmonds,  H.L. Jr, Couture, L.J., Stolzy,  S.L., and Paloheimo,   M. (1986). Quantitative
surface electromyography in anesthesia and critical care. International Journal of
Clinical  Monitoring  and  Computing,   3.  135-145.

Efron, B. (1979). Bootstrap methods: Another look at the jackknife. Annals of Statistics.  7:
1-26.

Eich, E. (1984). Memory for unattended events: Remembering with and without awareness.
Memo,y and Cognition, 12: 105-111.

Eich, E., Reeves,    J.L.,    and    Katz,     R.L. (1985). Anesthesia, amnesia    and     the
memory/awareness distinction. Anesthesia and Analgesia, 64: 1143-1148.

Eisele, V., Weinreich, A., Bartle,     S. (1976). Perioperative awareness and recall.
Anaesthesia and analgesia, 55. 513-518.

Evans,   J.M. (1987). Clinical signs and autonomic responses.   In: M. Rosen,   J.N.   Lunn
(Eds.) Conscious awareness and pain in general anaesthesia (pp. 18-33). London:
Butterworths.

Evans, J.M, Bithell, J.F., Vlachonikolis    I.G. (1987). Relationship between lower
oesophageal contractility, clinical signs and halothane concentration during general
anesthesia and surgery in man. British Journal OfAnaesthesia. 59: 1346-1355.

Fabiani, M. Karis, D. and Donchin, E. (1986). P300 and recall in an incidental memory
paradigm. Psychophysiology, 23: 298-308.

Farwell,   L.A., and Donchin,   E.   (1986). The "Brain detector:"   P300   in the detection   of
deception. Psychophysiology, 25: Abstract 434.

Farwell, L.A. and Donchin, E. (1991). The truth will out: Interrogative polygraphy (Lie-
detection) with event-related brain potentials. Psychophysiotogy, 28: 531-547.

Fenwick, P., Bushman, J., Howard, R., Perry,   I., and Gamble,   T. (1979). Contingent
negative variation and evoked potential amplitude as a function of inspired nitrous
oxide concentrations. Electroencephalography and Clinical Neurophysiology, 47: 473-
482.

Ferlazzo, F., Conte,  S., and Gentilimo,  A. (1993) Event-related  potentials and recognition
memory: The effects of word imagery value. International Journal of
Psychophysiology, 15. 115-122.

Ford,    J.M.,    Roth,    W.T., and Kopell,    B.S. (1976). Auditory evoked potentials    to
unpredictable shift in pitch. Psychophysiology, 13: 32-39.

227



Fowler, B., Kelso, B., Landolt,  J., and Porlier,  G.  (1988). The effects of notrous oxide  on
P300 and reaction time. Electroencephalography and Clinical Neurophysiology, 69:
171-178.

Friedman, D. (1990). ERPs during continuous recognition memory for words. Biological
Psychology, 30: 61-87.

Gaillard, A.W.K. (1988). Problems and paradigms in ERP research. Biological Psychology,
26: 91-109.

Ghoneim,   M.M., and Block,   R.I. (1992). Learning and consciousness during general
anesthesia. Anesthesiology, 76: 279-305.

Ghoneim,  M.M., and Mewalt,  S.P. (1990). Benzodiazepines and human memory: A review.
Anesthesiology, 72: 926-938.

Giard, M.H., Perrin,   F., and Peronnet,   F. (1988). Several attention-related wave forms  in
auditory     areas.     A    topographk    study.     Electroencephalography     and     clinical
Neurophysiology, 69: 371-384.

Goldmann,   L. (1990). Factors determining the probability of recollection of intraoperative
events. In: B. Bonke, W. Fitch, K. Millar (Eds.) Memory and Awareness in
Anaesthesia (pp. 45-49). Amsterdam: Swets & Zeitlinger.

Goldmann.   L.,   Shah,   M.V., and Hebden,   M.W. (1987). Memory of cardiac anaesthesia.
Anaesthesia, 42: 596-603.

Graf, P. and Schacter, D.L. (1985). Implicit and explicit memory for new associations in
normal and amnesic subjects. Journal of Experimental Psychology: Learning, Memory
and Cognition, 11: 501-518.

Graf, P., Shimamura,   A.P., and Squire,   L.R. (1985). Priming across modalities   and
priming across category levels: Extending the domain of preserved function in amnesia.
Journal  of  Experimental  Psychology:  Learning,  Memory,  and  Cognition, lt. 385-395.

Griffiths,   D., and Jones,   J.G. (1990). Aawareness and memory in anaesthetized patients.
British Journal of Anaesthesia,  65: 603-606.

Harsch,   J.,   Voss,   U.,   Hull, J., Schrepper,   S, and Badia.   P.   (1994).   ERP and behavioral
changes during the wake/sleep transition. Psychophysiology, 31: 244-252.

Hillyard, S.A. (1981). Selective auditory attention and early event-related potentials: A
rejoinder. Canadian Journal Of Psychology. 35: 159-174.

Hillyard, S.A., Hink, R.F., Schwent, V.L., and Picton, T.W. (1973). Electrical signs of
selective attention in the human brain. Science, 182. 177-180.

Hug, C.C. Jr. (1993). Awareness during cardiac anesthesia. In: P.S. Sebel, B. bonke, & E.
Winograd (Eds.) Memory    and    awareness    in   anesthesia (pp. 400-410). Englewood
Cliffs, NJ: Prentince  Hall.

Isaac,   P.A., and Rosen,    M. (1990). Lower oesophageal contractility and detection   of
awareness during anesthesia. British Journal OfAnaesthesia, 65: 319-324.

Jacoby, L.L. (1983). Perceptual enhancement: Persisting effects of an experience. Journal Of
Experimental Psychology: Learning, Memory and Cognition, 9: 21-38.

Jansen, C.K., Bonke, B., Klein, J., Van Dasselaar,  N., and Hop, W.C.J.  (1991).  Failure to
demonstrate unconscious perception during balanced anaesthesia by postoperative
response. Ada  Anaesthesiologica  Scandinavica, 35. 407-410.

Jasper, H.H. (1958). The ten-twenty electrode system of the international federation.
Elearoencephalography  and  clinical  Neurophysiology,   10:  371-375.

Jelicic, M., Bonke, B., Wolters,  G.,   and  Phaf, R.H. (1992a). Implicit memory for words
presented during anaesthesia. European Journal of Cognitive Psychology,  4:  71-80.

Jelicic,   M., De Roode, A., Bovill,   J.G., and Bonke, B. (1992b) Unconscious learning
during general anaesthesia. Anaesthesia, 47: 835-837.

Jelicic, M., Asbury, A.J., Millar, and Bonke, B. (1993a). Implicit learning during enflurane
anaesthesia in spontaneously breathing patients? Anaesthesia, 48: 766-768.

228



Jelick, M., Bonke,  B., and Millar,  K. (1993b). Effect of different therapeutic suggestions
presented during anaesthesia on post-operative course. European Journal of
Anaesthesiology, 10: 343-347.

Jennings, J.R. (1987). Editorial policy on analyses of variance with repeated measures.
Psychophysiology,  24:  414475.

Jessop, J., Griffiths, D.E., Furness, P., Jones, J.G., Sapsford, D.J., and Breckon, D.A.
(1991). Changes in amplitude and latency of the P300 component of the auditory
evoked potential with sedative and anaesthetic concentrations of nitrous oxide, British
Journal Of Anaesthesia, 67: 524-531.

Jessop,  J., and Jones,  J.G. (1992). Evaluation  of the actions of general anaesthetics  in  the
human brain. General Pharmacology, 23: 927-935.

Johnson, R.  (1986).  A triarchic model of P300 amplitude. Psychophysiology, 23: 367-384.
Jones, J.G. (1988). Awareness under anaesthesia. Anaesthesia  Rounds,   21:   5.
Jones, J.G. (1989). Foreword. Balli&re's Clinical Anaesthesiology: Depth of Anaesthesia

(pp. ix-xii). London: Ballidre-Tindall.
Jones, J.G. (1994). Perception and memory during general anesthesia. British Jourbal Of

Anaesthesia, 73: 31-37.
Karis, D., Fabiani,  M. and Donchin,  E.  (1984).   "P300" and memory: Individual differences

in the Von Restorff effect. Cognitive Psychology. 16: 177-216.
Kay, B. (1986). Propofol and alfentanil infusion. Anaesthesia, 41: 589-595.
Kemp-Wheeler,   S.M.,   and  Hill,   A.B. (1988). Semantic priming without awareness:   Some

methodological considerations and replications. Quartly Journal     of     Experimental
Psychology, 40A: 671-692.

Kihlstrom, J.F. (1993). Implicit memory function during anesthesia. In: P.S. Sebel, B.
Bonke, E. Winograd (Eds.) Memory and awareness in anesthesia (pp. 10-29).
Englewood Cliffs, NJ: Prentice Hall.

Kihlstrom,   J.F., and Schacter,   D.L. (1990). Anesthesia, amnesia   and the cognitive  un
concious. In: B. Bonke, W. Fitch, K. Millar (Eds.) Memory and Awareness in
Anaesthesia (pp. 21-44) Amsterdam: Swets & Zeitlinger.

Kileny, P., Dobson,    D., and Gelfand,    E.T.    (1983) Middle-latency auditory evoked
responses during open-heart surgery with hypothermia. Electroencephatography and
clinical Neurophysiology, 55: 268-276.

Krausz, H.I. (1975). Identification of nonlinear systems using random impulse train inputs.
Biological Cybernetics, 19.211-230.

Kutas, M. (1988). Review of event-related potential studies of memory. In: M.S. Gazzinaga
(Ed.) Perspectives    in    memory    research (pp 182-217). Cambridge, MA: The MIT
Press.

Kutas,  M., and Hillyard,  S.A. (1983). Event-realetd brain potentials to grammatical errors
and semantic anomalies. Memory  and  Cognition, 11: 539-550.

Lawson,  E.A., and Gaillard, A.W. (198la). Evoked potentials to consonant-vowel syllables.

Acta  Psychologica,   494:   17-25.
Lawson,    E.A., and Gaillard, A.W. (1981b) Mismatch negativity    in a phonetic

discrimination task. Biological Psychology, 13: 281-288.
Leiphart, J., Rosenfeld, J.P.,and Gabrielli,  J.D. (1993). Event-related potential correlates  of

implicit priming and explicit memory tasks. International Journal of Psychophysiology,
15: 197-206.

Lemmens, H.J.M., Bovill, J.G., Hennis, P.J., Gladines, M.P.R.R., and Burm. A.G.L.
(1989). Alcohol consumption alters the pharmacodynamics of alfentanil.
Anesthesiology,  71:  669-674.

Levinson, B.W. (1964). States of awareness during general anaesthesia. British Journal Of
Anaesthesia. 37: 544-546.

229



Loveless,  N.E., and Brunia,  C.H.M. (1990) Effects of rise-time  on late components  of the
auditory evoked potential. Journal of Psychophysiology. 4: 369-380.

Mandler, G. (1980) Recognising: The judgement of previous occurrence. Psychological
review, 87: 252-271.

Mantysalo.  S.,  and  Naatanen.  R.  (1987). The duration  of a neuronal trace  of an auditory
stimulus as indicated by event-related potentials. Biological psychology, 183-195.

Marshall-Goodell, B.S., Tassinary, L.G., and Cacioppo, J.T. (1990). Principles of
bioelectrical measurement. In: J.T. Cacioppo, L.G. Tassinary (Eds.) principles of
Psychophysiology:   Physical,   social,   and   inferential  elements   (pp.   113-148).   New   York:
Cambridge University Press.

McCarthy,  G.,  and  Wood,  C.C. (1985). Scalp distributions of Event-related potentials:  An
ambiguity associated with analysis of variance models. Electroencephalography   and
clinical  Neurophysiology.  62:  203-208.

McLintock, T.T.C.. Aitken, H., Downie, C., and Kenny, G.N.C. (1990). The effect of
intraoperative suggestions on postoperative analgesic requirements. In: B. Bonke, W.
Fitch, K. Millar (Eds.) Memory    and    Awareness     in    Anaesthesia (pp 96-100).
Amsterdam: Swets & Zeitlinger.

Millar, K. (1989). Recall, Recognition and Implicit memory for intra-anaesthetic events. In:
1.G. Jones (Ed.) Balliere's Clinical Anaesthesiology: Depth of Anaesthesia (pp. 487-
510). London: Balitre-Tindall.

Millar, K. (1993). The neglected factor of individual variation in studies of memory during
anesthesia. In: P.S. Sebel, B. Bonke, and E. Winograd (Eds.) Memory and awareness
in  anesthesia, pp. 31-47. Englewood Cliffs, NJ: Prentice-Hall.

Millar, K., Jelicic, M., Bonke,  B., and Asbury,  A.J. (1995). Assessment of preoperative
anxiety: Comparison of measures in patients awaiting surgery for breast cancer. British
Journal OfAnaesthesia, 74: 180-183.

Millar,   K., and Watkinson,   N. (1983). Recognition of words presented during general
anaesthesia. Ergonomics, 26: 585-594.

Moerman, N., Bonke,   B., and Oosting,   J. (1993). Awareness and recall during general
anesthesia. Anesthesiology, 79. 454-464.

Mori, K. (1987). The EEG and awareness during anesthesia. Anesthesia, 42: 1 153-1155.

Morgan, M. (1987) Intravenous Anaesthesia. Anaesthesia Rounds.
Moscovitch, M. (1995). Models of consciousness and memory. In: M.S. Gazzaniga (Ed.)

The  cognitive  neurosciences. (pp 1341-1356). Cambridge, MA: The MIT Press.
Munglani, R., Andrade, J., Sapsford, D.J., Baddeley, and Jones, J.G. (1993). A measure of

consciousness and memory during isoflurane administration: The coherent frequency.
British Journal  of Anaesthesia, 71. 633-641.

Naatinen, R. (1975) Selective attention and evoked potentials in humans: A critical review.
Biological Psychology,  2: 237-301.

Niatanen, R. (1982) Processing Negativity: An evoked potential reflection of selective
attention. Psychological Bulletin. 92: 605-640.

Naatanen,  R., and Lyytinen,  H. (1995). Mismatch Negativity in Sleep.   In: R.D. Ogilvie,
J.R. Harsh (Eds.) Steep onset, Normal and abnormat Processes. Washington: American
Psychological Association.

Ntiatanen, R. and Mitchie, P.T. (1979). Early selective attention effects on the evoked
potential: A critical review and reinterpretation. Biological Psychology, 8: 81-136.

Naathnen,  R., and Picton,  T.W.  (1986).  N2 and automatic versus controlled processes.  In:
W.C. McCallum, R. Zapolli, F. Denoth (Eds.) Cerebral Psychophysiotogy Studies in
Event   Related   Potentials   (EEG   Suppl.    38) (pp 169-186). Amsterdam:  Elsevier Science
Publishers.

230



Naatanen, R.,and Picton,   T.   (1987).   The  Nl   wave  of the human electric and magnetic
response to sound: A review and an analysis of the component structure.
Psychophysiology. 24: 315-425.

Neville, H.J., Kutas, M., Chesney,   G. and Schmidt,    A. L. (1986). Event-related brain
potentials during initial encoding and recognition memory of congment and incongruent
words. Journal of Memory and Peiformance, 25: 431-436.

Nielsen-Bohlman, L., Knight, R.T., Woods,   D.L., and Woodward,  K. (1991). Differential
auditory processing continues during sleep. Electroencephalography and Clinical
Neurophysiology, 79- 281-290.

Nissen, M.J., Knopman,   D.S., and Schacter,   D.L. (1987). Neurochemical dissociation  of
memory systems. Neurology, 37: 789-794.

Ogilvie, R.D., Simons, I.A., Kuderian, R.H., MacDonald, T., and Rustenburg, J. (1991).
Behavioral. Event-related potential, and EEG/FFT changes at sleep onset.
Psychophysiology,  28:  54-64.

Okita, T., Wijers, A.A., Mulder, G., and Mulder, L.J.M. (1985). Memory search and
visual spatial attention: An event related brain potential analysis. Acta Psychologica,
60: 263-292.

Paavilainen, P., Camman,   R.,   Alho, K., Reinikainen,   K.,   Sams,   M., and Naatanen,   R.
(1987). Event-related potentials to pitch change in an auditory stimulus sequence during
sleep.   In: R. Johnson  Jr., J.W. Rohrbaugh, R. Parasuraman (Eds.) Current Trends  in
Event-related potential research (EEG suppl. 40) (pp. 246-255). Amsterdam: Elsevier
Science Publishers.

Paller, K., Kutas,   M., and Mayes, A.R. (1987a). Neural correlates of encoding   in   an
incidental learning paradigm. Electroencephalography and Clinical Neurophysiology,
67: 360-371.

Paller, K.A., Kutas, M., Shimamura,   A.P., and Squire, L.R. (1987b) Brain responses  to
concrete and abstract words reflect processes that correlate with later performance on a
test of stem-completion priming. Electroencephalography and Clinical
Neurophysiology,  40:  360-365.

Paller, K.A., McCarthy,  G.  and  Wood,  C.C.   (1988). ERPs predictive of subsequent recall
and recognition performance. Biological Psychology, 26: 269-276.

Paloheimo, M. (1990). Quantitative surface electromyography (qEMG) applications in
anaesthesiology and critical care. Aaa Anaesthesiologica Scandinavica, 34, Suppl 93.

Paloheimo, M., Edmonds, H.L. Jr, Wirtavuori, K., and Tammisto, T. (1989). Assessment
of anesthetic adequacy with upper facial and abdominal   wall EMG. European Journal
of Anaesthsiology, 6. 11-119.

Pang,   E.W., and Fowler,   B. (1995). Nitrous oxide differentially affects the nonspecific
component of the N100. Psychophysiology, 32 (suppO: Abstract S59.

Parasuraman, R., Richer,   F., and Beatty,   J. (1982). Detection and recognition: Concurrent
processes in perception. Perception andpsychophysics, 31: 1-12.

Pfefferbaum, A., Ford, J.M., Wenegrat, B.G., Roth, W.T., and Kopell, B.S. (1984).
Clinical application of the P3 component of event-related potentials I: Normal aging.

Electroencephalography  and  clinical  Neurophysiology,  59:  85-103.
Picton, T.W. (1992). The P300 wave of the human event-related potential. Journal of

Clinical  Neurophysiology,  9.456-479.
Picton,   T.W.,   Hillyard, S.A., Krauz,   H.I., and Galambos,   R. (1974). Human auditory

evoked potentials I: Evaluation of components. Electroencephalography and clinical
Neurophysiology, 36. 179-190.

Pinsker, M.C. (1986). Anesthesia: a pragmatic construct. Anesthesia and Anatgesia, 65:
819-820.

Plourde,  G., and Boylan,  J.F.   (1991). The auditory steady state response during sufentanil
anesthesia. British Journal of Anaesthesia, 66: 683-691.

231



Plourde, G., Joffe,  D.,  Villemure,  C. and Trallen,  M.  (1993).  The  P3a wave  of the auditory
event-related potential reveals registration of pitch change during sufentanil anesthesia
for cardiac surgery. Anesthesiology, 78: 498-509.

Plourde,   G., and Picton,   T.W.   (1990). The auditory steady-state response during general
anesthesia. Anesthesia and Analgesia,  71:  460468.

Plourde,   G., and Picton,   T.W.   (1991). Long-latency auditory evoked potentials during
general anesthesia: Nl and P3 components. Anesthesia and Analgesia, 72: 342-350.

Plourde, G. (1993). Effect of nitrous oxide on auditory evoked potentials. British journal of
Anaesthesia, 11: Letter 379-380.

Polich, J. (1987) Comparison of P300 from a passive tone sequence paradigm and an active
discrimination task. Psychophysiotogy. 24: 41-46.

Potter, D.D., Pickles, C.D., Roberts,    R.C.,    and   Rugg,    M.D.    (1992). The effects   of
scopolamine on event-related potentials in a continuous recognition memory task.
Psychophysiology,  29: 29-31.

Pritchard, W.S. (1981). Psychophysiology of P300. Psychological Bulletin, 89: 506-540.
Prys-Roberts, C. (1987). Anaesthesia: a practical or impractical construct? British Journal Of

Anaesthesia, 59: 1341-1345.

Ray, W.J. (1990). The electrocortical system. In: J T. Cacoppo, L.G. Tassinary (Eds.)
Principles ofpsychophysiology (pp. 385-412). New York: Cambridge University Press.

Renault, B., Signoret, J., Debruille, B., Breton,  F., and Bolgert.  F. (1989). Brain potentials
reveal covert facial recognition in prosopagnosia. Neuropsychologia, 27: 905-912.

Roediger III, H.L. (1990). Implicit memory: Retention without remembering. American
Psychologist, 45: 1043-1056.

Roorda-Hrdlickova, V., Wolters, G., Bonke,    B.    and   Phaf,    R.H. (1990). Unconscious
perception during general anaesthesia, demonstrated  by an implicit memory  task.   In:  B.
Bonke, W. Fitch, K. Millar (Eds.) Memory and Awareness in Anaesthesia (pp. 115-
119). Amsterdam: Swets & Zeitlinger

Rosenfeld, J.P., Angell, A., Johnson,   M.   and  Qian,   J.   (1991). An ERP-based, control-
question lie detector analog: Algorithms for discriminating effects within individuals'
average waveforms. Psychophysiology, 28: 319-335.

Rosenfeld, J.P., Ellwanger,   J., and Sweet,   J. (1995). Detecting simulated amnesia   with
event-related brain potentials.  International Journal of Psychophysiology.  19:  1-11.

Rugg, M.D. (1987). Dissociation of semantic priming, word and non-word repetition effects
by event-related potentials. 77:e Quartly Journal of Experimental Psychology,  39A:   123-
148.

Rugg, M.D. (1995). ERP studies of memory. In: M.D. Rugg, M.G. Coles (Eds.)
Electrophysiology  of   mind.   Event-related   brain  potentials   and   cognition   (pp.   132-170).
New York: Oxford University press.

Rugg, M.D., Furda,  J. and Lorist,   M.   (1988). The effects  of  task  on the modulation  of
event-related potentials by word repetition. Psychophysiology, 25: 55-63.

Rugg, M.D. and Nagy, M.E. (1987). Lexical contribution to nonword-repetition effects:
Evidence from event-related potentials. Memo,y and Cognition, 15: 473-481.

Rugg, M.D. and Nagy, M.E. (1989). Event-related potentials and recognition memory for
words. Electroencephalography and Clinical Neurophysiology. 72.395-406.

Russell, G.N. (1991) Total intravenous anaesthesia and postoperative sedation for cardiac
surgery. In: B. Kay (Ed.) Total intravenous Anaesthesia (pp. 225- 246). Amstredam:
Elsevier Science Publishers.

Russell, I.F. (1986). Comparison of wakefulness with two anaesthetic regimens. British
Journal of Anaesthesia, 58. 965-968.

232



Russell, I.F. (1989). Conscious awareness during general anesthesia: relevance of autonomic
signs and isolated arm movements as guides to depth of anaesthesia. In: J.G. Jones
(Ed.)  Ballitre's  Clinical  Anaesthesiology:  Depth  of  Anaesthesia  (pp.  511-531).  London:
Baillitre-Tindall.

Sams, M., Paavilainen,    P.,    Alho,    K.,    and    Naatenen,    R. (1985) Auditory frequency
discrimination and event-related      potentials.      Electroencephalography     and     clinical
Neurophysiology, 62 431448.

Sanquist, T.F., Rohrbaugh, J.W., Syndulko,  K.,  and  Lindsley,  D.B. (1980) Electrocortical
signs of levels of processing: Perceptual analysis and recognition memory.
Psychophysiology, 17: 568-516.

Schacter, D.L. (1987). Implicit Memory: History and current status. Journal Of
Experimental Psychology: Learning, Memory and Cognition, 13: 501-518.

Scherg,   M.,   and Von Cramon,   D. (1986). Evoked dipole source potentials  of the human
auditory cortex. Electroencephalography and clinical Neurophysiology, 65: 344-360.

Schwender, D., Kaiser, A., Klasing, S., Peter,   K., and Pappel, E. (1994a). Midlatency
auditory evoked potentials and explicit and implicit memory in patients undergoing
cardiac surgery. Anesthesiology, 80: 493-501.

Schwender, D., Madler, C., Klasing, S., Peter,   K., and Poppel,   E. (1994b) Anesthetic
control of 40-Hz brain activity and implicit memory. Consciousness and Cognition, 3:
129-147.

Schwilden, H. (1989). Use of the median EEG frequency and pharmacokinetics in
determining depth of anaesthesia.      In: J.G. Jones (Ed.) Ballilre's     Clinical
Anaesthesiology. Depth OfAnaesthesia (pp. 603-621). London: Ballitre-Tindall.

Schwilden, H., Stoeckel,   H., and Schuttler,   J.   (1989). Closed-loop feedback control   of
propofol anaesthesia by quantitative EEG analysis in humans. British Journal of
Anaesthesia, 62: 290-296.

Shimamura, A.P. (1986). Priming effects in amnesia: Evidence for a dissociable memory
function. The Quartly Journal of Experimental  Psychology,  38A:  619-644.

Simons, A.J.R., Boezeman, E.H.J.F., and Pronk, R.A.F. (1989). Automatic EEG
monitoring of anaesthesia.   In: J.G. Jones (Ed.) Ballitre's  Clinical  Anaesthesiology
Depth of Anaesthesia (pp. 623-646). London: BalliBre-Tindall.

Smith, M.E. and Halgren, E. (1989). Dissociation of recognition memory components
following    temporal     lobe lesions. Journal of Experimental Psychology: Learning,
Memory and Cognition, 15: 50-60.

Smith, M.E. and Guster. K. (1993). Decomposition of recognition memory event-related
potentials yields target, repetition, and retrieval effects. Electroencephalography   and
Clinical Neurophysiology, 86.335-343.

Spielberger, C.D., Gorsuch. R. L.. and Lushene, R. E. ( 1970). Manual of the State-Trait
Anxiety Inventory. Palo Alto, CA: Consulting Psychologists Press.

Spehlman, R. (1985). Evoked potential primer: visual, auditory, and somatosensory
potentials in clinical diagnosis. Stoneham, MA: Butterworth.

Squire,  L.R., and Knowlton,  B.J. (1995) Memory, Hippocampus, and brain systems.   In:
M.S.    Gazzaniga   (Ed.) Ilze cognitive   neurosciences. (pp 825-837). Cambridge, MA:
The MIT Press.

Squires, N.K .,   Squires,  K.C., and Hillyard.   S.A.   (1975). Two varieties of long-latency
positive waves evoked by unpredictable auditory stimuli in man.
Electroencephalography and Clinical  Neurophysiology,  38: 381-401.

Steegers,   P.A., and Foster,  P.A. (1988). Propofol in total intravenous anaesthesia without
nitrous oxide. Anaesthesia, 43: 94-97.

233



Steinberg,   M.E.,   Hord,   A.H.,   Reed,   B., and Sebel,   P.S. (1993). Study   of the effect  of
intraoperative suggestions on postoperative analgesia  and  well-being.   In: P.S. Sebel,  B.
Bonke, E. Winograd (Eds.) Memory and awareness in anesthesia (pp. 205-208).

Englewood Cliffs, NJ. Prentice-Hall.
Stern, R.M., Ray, W.J., and Davis, C.M. (1980). Psychophysiological recording, New

York,: Oxford University press.
Sutton,   S., and Ruchkin,   D.S.    (1984).    The late positive complex: Advances   and   new

problems. In: R. Karrer, J. Cohen, P. Tueting (Eds.) Brain and inforination. Event-
relatedpotentials (pp. 1-23). New York: The New York Academy of Sciences.

Thornton, C. (1991). Evoked potentials in Anesthesia. European Journal of Anaesthesiology,
8: 89-107.

Thornton, C., Barrowcliffe, M.P., Konieczko, M., Ventham,    P.,   Dord, C.J., Newton,
D.E.F., and Jones,  J.G.   (1989). The Auditory Evoked Response  as an indicator  of
awareness. British Journal of Anaesthesia, 63: 113-115.

Thornton, C., Heneghan C.P.H., James,   M.F.M., and Jones,  J.G.   (1984). The effects  of
halothane and enflurane with controlled ventilation   on the auditory evoked potentials.
British Journal  of Anaesthesia,  56:  315-323.

Thornton, C., Konieczko, K.M., Jones, J.G., Jordan,   C.,    Dore,   C.J., and Heneghan,
C.P.H. (1988). Effect of surgical stimulation on the auditory evoked response. British
Journal of Anaesthesia. 60: 372-378.

Thornton,   C., and Newton,  D.E.F.   (1989). The auditory evoked response: A meusure  of
depth of anaesthesia.  In: J.G. Jones (Ed.) Ballitre's Clinical Anaesthesiotogy Depth of
Anaesthesia (pp. 559-585). London: Balliere-Tindall.

Tulving,   E. (1995). Organization of Memory: Quo vadis?   In: M.S. Gazzaniga  (Ed.)   lize
cognitive neurosciences (pp. 839-847). Cambridge, MA: The MIT Press.

Tunstall, M.E. (1977). Detecting wakefulness during general anesthesia for caesarian
section. British Medical Journal.  1:  1321.

Uit  den  Boogaart,  P.C.   (1975).   Woordfrequenties   in   geschreven  en   gesproken   Nederlands.
Utrecht: Oosthoek, Scheltema & Holkema.

Ujszdszi,   J.,   and   Haldsz,   P.   (1988).   Long latency evoked potential components in human
slow wave sleep. Electroencephalography and clinical Neurophysiology, 69: 516-522.

Van den Berg-Lenssen, M.M.C., Brunia, C.H.M., and Blom, J.A. (1989). Correction of
ocular artifacts   in EEGs using an autoregressive model to describe   the   EEG: A pilot
study.  Electroencephalography and  Clinical  Neurophysiology,  73.72-83.

Van der Ploeg, H.M., Defares,   P.B., and Spielberger,  C.D.   (1980).   Handleiding  bij  de
7*f-Beoordetings Vragent(ist Lisse: Swets & Zeitlinger.

Van de Velde, M., Cluitmans, P.J.M., and Declerck, A.C. (1993). Optimization of
stimulation frequency in middle latency auditory evoked potentials in humans.
Technology  and Healthcare,  1:  340-341.

Van  Gils,  M.].  (1995).   Peak  identification  in  Auditory  Evoked  Potentials  using  artificial
neural networks. Ph.D. Thesis. Eindhoven: Eindhoven University of Technology.

Van Hooff, J.C., De Beer, N.A.M., Brunia, C.H.M., Cluitmans, P.J.M., Korsten,
H.H.M.,   Tavilla, G., Grouls,    R. (1995). Information processing during cardiac
surgery: An event-related potential study. Electroencephalography and clinical
Neurophysiology, 96: 433-452.

Van   Hooff, J.C., Brunia,   C.H.M., and Allen,   J.J.B.   (1996). Event-related potentials   as
indirect measures of recognition memory. International  Journal   of  Psychophysiology.
21: 15-31.

Van Hooff, J.C., De Beer, N A.M., Brunia, C.H.M.. Cluitmans. P.J.M., and Korsten,
H.H.M. (in press). Detection of information processing during general anaesthesia by
means of Event-related Potentials. (in press). In: B Bonke, J.G. Bovill, & N.
Moerman (Eds). Memory and Awareness in Anaesthesia III.

234



Van Hooff, J.C., De Beer, N.A.M., Brunia, C.H.M., Cluitmans, P.J.M., and Korsten,
H.H.M. (submitted). Event-related potential measures of information processing during
general anesthesia.

Vasey,   M.W., and Thayer,   J.F.   (1987). The Continuing Problem of False Positives   in

Repeated Measures ANOVA in Psychophysiology: A Multivariate Solution.

Psychophysiology.  24:  419-486.
Velasco,   M., and Velasco.   F. (1986). Subcortical correlates  of the somatic, auditory   and

visual vertex activation of differential EEG responses. Elearoencephalography and
clinical  Neurophysiology,   63:  62-67.

Verleger, R. (1988) Event-related potentials and cognition: A critique of the context

updating hypothesis   and an alternative interpretation   of P3. BehaWoral and brain
sciences, 11. 343-356.

Vernon, J., Bowles, S., Sebel,   P.S., and Chamoun,   N.   (1992). EEG bispectrum predicts
movement at incision during isoflurane or propofol anesthesia. Anesthesiology, 77:
Abstract A502.

Villemure, C., Plourde, G., Lussier, I., and Normandin, N. (1993). Auditory processing
during isoflurane anesthesia: A study with an implicit memory task and auditory
evoked potentials. In: P.S. Sebel, B. Bonke, E. Winograd (Eds.) Memory and
awareness in anesthesia (pp 99-106). Englewood Cliffs, NJ: Prentice-Hall.

Wasserman, S. and Bockenholt, U. (1989). Bootstrapping: Applications to

Psychophysiology Psychophysiology, 26: 208-221.

Wesensten,   N.J.,   and   Badia,   P.   The   P300   component   in   sleep. (1988) Physiology and
Behavior, 44: 215-220.

Wilson,   S.L., and Vaughan,   R. (1975). Awareness, dreams and hallucinations associated
with general anesthesia. Anaesthesia and Analgesia, 54: 609-619.

Winograd, E., Sebel, P.S., Goldman,  W.P., and Clifton,  C.L. (1990). Indirect assessment

of memory for music under anaesthesia. In: B. Bonke, W. Fitch, K. Millar (Eds.)
Memory and Awareness in Anaesthesia (pp. 181-184). Amsterdam: Swets & Zeitlinger.

Winter,   0.,    Kok, A., Kenemans,    J.L.,    and   Elton,    M. (1995). Auditory event-related
potentials (AEPs) to deviant stimuli during drowsiness and sleep.

Electroencephalography and clinical Neurophysiology, 96: 398-412.
Wolpaw,  J.R., and Penry,  J.K. (1978). Effects of ethanol, caffeine and placebo  on  the

auditory evoked response. Electroencephalography and Clinical Neurophysiology, 44:
568-574.

Woodbridge, P.D. (1957). Changing concept concerning depth of anaesthesia.

Anesthesiology, 18: 536-550.

235



APPENDIX A

WORD INDEX
Duration and occurence-frequency in the Dutch language

Category Word English Duration Occurence-frequency
(in ms) Written Spoken

FILLERS NEST nest 502      19       0
DIJK dike 529      13        5

FLUIT flute 579      7        2
BOER farmer 485      43       35

STAL stable 510      16        7

PRINS prins 540     35       8

ANIMALS SLANG snake 539      11        3

VLIEG fly  466 19 0
MUIS* mouse 600      6        0
GEIT goat 572      8        1
BEER bear 516      6        5
VIS fish 519      42        4

LANDSCAPE BERG mountain 487      36        8

ELEMENTS DUIN* dune 587      5        0
MEER lake 504      10        3

VELD field 546      52        1

SLOOT ditch 572      4        7
BOS wood 472      46        5

PARTS OF RUG back 393      61        5

THE BODY BEEN        leg                480        90           9
KIN* chin 385      7        1
VOET foot 421      81        5

NEK neck 431      13        5

BUIK belly 400      19        2

CLOTHING KOUS stocking 514      5        5
JAS coat 473      31        5

SJAAL shawl 582      5        0
ROK skirt 395      22        3

VEST vest 561       2        3

BROEK* trousers 458      27       11
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KITCHEN BORD plate 476     28       5
UTENSILS PAN* pan 347      16       2

ZEEF strainer 536      5       0
KOP 312      73       23cup
SCHAAL dish 577     30       1
VORK fork 470      8       5

FURNIl'URE BANK couch 483      50       4
STOEL* chair 473      79       6
BED bed 448 115       13

LAMP lamp 419      18       3
KAST wardrobe 441      24       5
KLEED carpet 498      3       5

FOOD SOEP soup 443      14       4
PAP porridge 359      3       2
KAAS cheese 512      24       37
RUST rice 587      10       0
FRUIT fruit 599      8        1
BROOD* bread 510      31       17

WHEATHER STORM storm 551      18       2
ELEMENTS ZON* sun 442      49       6

WIND wind 470      48        8
WOLK cloud 490     21       0
SNEEUW snow 592      7       2

MIST         fog               528         15           0

FORMS OF TRAM* tram 393      18       0
TRANSPORT FIETS bicycle 512      32       7

BOOT boat 485      25       28
SCHIP ship 474 119       8

BUS bus 439      49       10
STEP scooter 512      7       0

MATERIALS 0 WOL Wool 425      6        0
STEEN stone 626      43       24
STAAL steel 620      14       0
ZAND sand 553      16       2
HOUT* wood 471      23       13
GIPS plaster 542      4        3

238



MEANS FOR ZAK* sack 426      33       9

STORAGE MAND basket 511      5       2
DOOS box 572      12        1

TON barrel 361      38       2
KIST case 423      15       10
FLES bottle 515      31        8

GREEN STRUIK* bush 578      11       0
BOOM tree 531      77       6
GRAS grass 525      23       7
MOS moss 451            7              0

BLOEM flower 488     64       9
PLANT plant 473      45       2

PARTS OF DAK roof 408     24       5
THE HOUSE GANG passage 466 100      25

TUIN garden 427      39       3
RAAM window 545      83        8

MUUR wall 597      47        3

HEK* fence 395       7        3

Note.  The mean occurence frequency is copied from a frequency list composed by
Uit den Boogaart (1975). Written = mean frequency of written Dutch based on
counting 600,000 words from 5 different types of printed language. Spoken = mean
frequency in spoken Dutch with an extent of approximately 120,000 words. 0 =
category   not  used  in the large clinical study.   * = words  used   in the validation study
but left out in the clinical studies.
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APPENDIX B

PREOPERATIVE ANXIETY

To assess preoperative anxiety, the state-version of the Dutch translation of the
STAI  [ZBV,  Van der Ploeg et al.,  1980]  has been administered to the patients,
the morning before their operation. The mean state anxiety score across both
clinical studies (N=51) was 39.8 (SD 9.48), which is only somewhat higher
than  the mean score  of the normative group of healthy, male adults above  40
years (36.6, SD 12.3), and equal to the mean score of the normative group of
healthy, female adults above 40 years  (39.8,  SD  13.7)  [Van der Ploeg,   1981].
The female patients   (N = 9) had slightly higher mean scores   than   the   male
patients (42.4 againste 38.7), but this difference was not significant. Patients
older than 60 years (N=25) had mean anxiety scores comparable with those of
patients equal or younger than 60 years (38.5 against 40.2).

ZBV State-anxiety score
preliminary and main study

20

15

10

0 1.,-:i            FFI rrim
20.25   2530   30·35   35-40   40-45   45 50   50-55   5560   6065   65.70

Figure B-1: Distribution of the 51 patients' scores on the state version of the ZBV
(Dutch  translation  of the  STAI).
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The distribution of the scores is presented in Figure B-1. Only two patients
had scores aboves 55, of which one score of 67. This confirms observations of
Spielberger et at. [1983] and Millar et al. [1995] that scores greater than 65
are rather unusual. Considering the fact that the patients were waiting to
undergo open heart surgery, one would have expected higher anxiety scores.
A possible explanation   for the relative low scores might  be, that patients   have
tried  to  cope with their situation by denial of their experienced fears.   This

interpretation is in agreement with that of Van der Ploeg [1980] considering
low scores of ex radiotherapy-patients who came to the hospital for a "late"
after-control. Furthermore, our personal impression was that patients with low
scores frequently showed high blood pressures at the start of anesthesia

induction, presumably related to experienced but apparently denied stress or

anxiety. Another reason for the low scores might be that only a pre-selected
group of patients participated in our studies, namely those who met the
inclusion criteria formulated in Chapter  5. This probably has introduced  a  bias
towards the more calm and confident individuals, who were considered to be
low-risk patients.   Also   the   fact that participation  was  on a voluntary basis   may

have contributed to this bias.

Because normative data for patients waiting to undergo surgery are not
available, judgements of the number of patients experiencing clinically
significant anxiety were made by comparing their scores with respect to a
specified cut-off score. The cut-off between high and low anxiety states was
obtained by adding one SD to the mean score of the most closely resembling
normative group [cf. Millar  et  al.,   1995].   In  our  case,   that  is the group  of

healthy, male adults above 40 years, producing a cut-off score of 49 (36.6 +
12.3). In our clinical studies only four patients (2%) scored above this cut-off
score, thus experiencing high anxiety. Compared  to the study of Millar  et  al.,
[1995], who reported   47.7 % scores above their cut-off point,    this   is   an
extremely low number of patients.  The four patients  with high anxiety scores
showed no further abnormalities with respect to the other patients, although
one  of them (female)  was  of high  age (74 years).
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LIST OF ABBREVIATIONS

AD/DA Analoog-Digitaal/Digitaal-Analoog
AVR Aortic Valve Replacement
AEP Auditory Evoked Potential

ASSR Auditory Steady State Response
BAEP Brainstem Auditory Evoked Potential

CABG Coronary-artery Bypass Grafting
CPB Cardiopulmonary Bypass
EEG Electroencephalogram
EMG Electromyogram
EOG Electro-oculogram
EP Evoked Potenial

ERP Event-related Potential

ICU Intensive Care Unit
IFT Isolated Forearm Technique
ISI Inter Stimulus Interval

LLAEP Long-latency Auditory Evoked Potential

LOC Lower Oesophageal Contraction

LP Late Positivity

LV Left Ventricle

MANOVA Multivariate Analysis of Variance
MAP Mean Arterial blood Pressure
MLAEP Midlatency Auditory Evoked Potential
MMN Mismatch Negativity
PN Processing Negativity
RT Reaction time

SD Standard Deviation

SN Search Negativity
STAI State-trait anxiety inventory
SOA Stimulus Onset Asynchronies
T Nasopharyngeal Temperature
wPN Waking Processing Negativity
ZBV Zelfbeoordelings vragenlijst
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SUMMARY

The central aim of this study was to examine the utility of auditory evoked and
event-related brain potentials to assess information processing during general
anesthesia.

Although general anesthesia is presumed to produce loss of consciousness, a
large number of psychological studies have provided postoperative evidence
for preserved perceptual and memory functions.    They have shown   that   the

patients' postoperative behavior or task performance can be influenced by
intraoperatively presented messages, despite the fact that these messages could
not be remembered consciously. This phenomenon   has been demonstrated
most convincingly by indirect or implicit memory tests. During such tests
patients are asked, for example, to name a category exemplar or to complete a
letter-string   with the first   word that comes   to    mind. The rationale of these
studies is that if the patients generate just those words that have been
presented during their operation, this would imply that those words are
somehow perceived and stored in memory. Chapter 2 provides an overview  of
these and other postoperative memory tests.    It is concluded that these tests
have produced inconsistent results and that they have provided insufficient
knowledge about the specific circumstances under which positive evidence for
intraoperative memory memories could be found. Progress in this type of
research could be achieved by taking into account the level of anesthesia

during the period of stimulus presentation.

Adequate anesthesia can be defined as a sufficient level of analgesia (pain

suppression), depression of autonomic reflexes, muscle relaxation,
unconsciousness and amnesia (memory   loss). At present, these functions   of
anesthesia are achieved by a combination of different pharmacological agents.
Because these agents produce very few side-effects and because muscle
relaxants are used excessively light anesthesia is difficult to notice. creating a
risk for unintended awareness. Several techniques and physiological signals
have been proposed to improve conventional monitoring of anesthesia and the
level of consciousness in particular. These techniques are described in Chapter

3.    The    recording of Auditory Evoked Potentials    (AEPs) is proposed   as   a
promising method for monitoring anesthesia. AEPs reflect the electrical brain
activity in response to auditory stimuli, for example, a click or a tone. They
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consist of a series of peaks with characteristic latencies (time of occurrence
after sound-onset) and amplitudes (height   of   a   peak).    AEPs are considered
particularly informative because they reflect the processes that may ultimately
lead to awareness, i.e., transmission, detection and processing of auditory
information. Furthermore, latency and amplitude of the midlatency AEP
components (visible between 10-60 msec after stimulus presentation) have
been found to show dose-related changes with several types of anesthetic
agents and to vary with surgical stimulation. For these reasons and because
they can be obtained within a short recording period, midlatency AEP
components seem useful for monitoring purposes. However, the relationship
between these early cortical responses and information processing functions
remains as yet unestablished. It is proposed that evidence for such relationship
could be obtained from simultaneous recordings of long-latency AEP
components, reflecting perceptual processing, and from appraisal of memories
for intraoperative events.

Long-latency AEP components (visible beyond 60 msec after stimulus
presentation)   are a sub-category of Event-related Potentials   (ERPs).   ERPs  are
small voltage fluctuations at the scalp time-locked to a particular event. They
can be extracted from background EEG by averaging procedures. ERP latency
and amplitude can provide information about the speed and way of information
processing,    even in situations in which subjects   do not behaviorally respond.
These qualities make them useful for providing direct evidence for
intraoperative information processing and for detecting possible covert
memories for intraoperatively presented material. With respect to information
processing   it is essential   to   know   that   N 1    and P2 components reflect early
perceptual processes. Additionly, the MMN and P3 reflect automatic and
controlled detection of stimulus deviance respectively. These components can
be easily elicited in a so-called oddball paradigm, consisting of frequently
presented standard tones intermitted by infrequently presented deviant tones.
In memory studies one mainly refers to late positive components, presumably
related   to   the   P3 and associated with encoding and retrieval processes.    ERP
changes due to different states of attention and consciousness are discussed in
Chapter 4. In this chapter also an overview is provided about the relationship
between ERPs and different aspects of memory.

The studies presented in the experimental part of this thesis were developed to
examine the patients' ability to perceive and store auditorily presented material
during anesthesia. The general outline of the methodology and technical
specifications are presented in Chapter 5. Midlatency AEP components   were
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recorded during surgery to examine their potential monitoring qualities [see
also De Beer,  1996]. In addition, long-latency AEP components were recorded
during surgery to investigate perceptual processing during anesthesia. Finally,
a recognition test with ERP recording was administered postoperatively to
assess covert memories for intraoperatively presented items. All examined
patients underwent cardiac surgery with standardized propofol/alfentanil
anesthesia.

To explain the inconsistent results obtained from the previously mentioned
implicit memory tests a more specific analysis of the described effects is
needed, preferably for each patient individually. Whether ERPs can be used
for this purpose was initially examined  in a group of healthy volunteers.   This
experiment is described in Chapter 6. Based on results from deception
detection studies,    it was assumed   that P3 responses could be reliably   elicited
by stimuli which stand out as distinct and which possess special significance
for the subject,   in  this  case by virtue of previous learning. In three yes/no
recognition tasks, administered on two consecutive days, subjects were
instructed to indicate recognition of recently learned words. These words   were
presented along with unlearned words and earlier learned words which both
required a non-recognition response. The most important result was that both
types of learned words reliably elicited larger P3 responses than unlearned
words, thus even when no overt indication of recognition was required. It was
concluded that ERP measures can be used to assess the presence of
information in long-term memory, perhaps even in situations in which patients
are unable to recall events about which they might have some knowledge.

The study described in Chapter 7 is a preliminary study which was aimed to
explore the potential   of the proposed methods.   In 12 cardiac patients   long-
latency AEPs were recorded during oddball tasks administered before and
during several periods of the operation. The oddball tasks consisted of
frequent and infrequent tones of different pitch (ratio 80:20). The morning
after surgery an ERP recognition task was administered which was modelled
after the one previously validated. The most essential analysis comprised
comparisons between behavioral and ERP responses to learned, unlearned and
intraoperatively presented words. If the responses for the intraoperatively
presented words would be similar to those for the learned words, this would
be evidence for the presence of elementary recognition reactions for the words
presented during the operation. If, on the other hand, the responses for the
intraoperatively presented words would be more similar to those for the
unearned words, this would be evidence for adequate suppression of memory
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functions. Long-latency AEPs could be obtained in response to the presented
tones during the intraoperative recording periods suggesting that auditory
processing continued during anesthesia. However, because the AEP waveform
changed considerably from the awake to the anesthetic state the neural circuits
involved might have been modified by the anesthetic agents. Results from the
recognition task revealed that three patients had registered presumably some of
the intraoperatively presented words. For two of them low propofol levels as
well as reliable long-latency AEPs with large amplitudes were found close to
the moment of information presentation. This supported the notion that these
different measures might be related. It was concluded that a combination of
intra- and post-operative measures can contribute significantly to the
specification of the circumstances under which intraoperative information
processing might occur. Furthermore, because the intraoperatively recorded
long-latency AEPs had provided strong evidence for perceptual processing at
the moment that it actually occurred these measures were considered suitable
for  validation of innovative monitoring techniques.

Different aspects of our main study are described in the following three
chapters. This study was largely similar   to   the one previously presented.   By
examining a larger number of patients  (N =41) we expected to arrive at more
statistically supported conclusions and to gain data about the incidence of
intraoperative information processing. A notable change was that the words
which were postoperatively tested for (covert) recognition were not presented
as a list but as atypical stimuli during two of the intraoperative oddball tasks.
This would enable us to record long-latency AEPs in response to more
complex auditory stimuli (words) and to relate possible retrieval to encoding
processes. The intra- and post-operative data are described in Chapter 8 and 9
respectively. Correlations with simultaneously recorded midlatency AEP
components are described in Chapter 10.

In agreement with the preliminary study, long-latency AEPs could be observed
during anesthesia   up   to   500 msec after presentation   o f the tones.   The   most
apparent effect of anesthesia    was    the    N 1    attenuation   to near pre-stimulus
baseline level while Pl and P2 apparently increased in amplitude. Because a
similar change in early AEP deflections has been reported in sleep research, it
was suggested that the mechanisms underlying primary auditory processing
might be comparable in drug-induced and natural states of diminished arousal
levels.     It was further hypothesized     that this might    be    due     to a selective
reduction   of a non-specific activity. During anesthesia,    N l    and   P2   peak
amplitudes were found to be larger for infrequent than frequent tones.

246



Although this might imply a sustained ability to respond differently upon tones
of different pitch and occurrence frequency, it remained uncertain whether
these amplitude differences reflected genuine detection of stimulus deviance or
were   due to selective refractoriness effects. The words   did not provoke
recognizable long-latency AEP components and it was therefore suggested that
anesthesia had prevented effectively the processing of complex auditory
stimuli. Propofol and alfentanil plasma levels as well as nasopharyngeal
temperature correlated not or only slightly with the AEP measures and were
therefore considered of minor significance for control of long-latency   AEPs.
On the basis of peak-to-peak amplitude criteria  25 %   of all ERP-registrations
were judged to comprise a recognizable Pl-Nl-P2 complex, of which the most
were  recorded  in the period before cardiopulmonary bypass. This period  was
therefore believed to be particularly critical with respect to the occurrence of
perceptual processing. Furthermore, because 70% of all patients showed a
recognizable Pl-Nl-P2 complex during at least one intraoperative recording
epoch, the general incidence of intraoperative perceptual processing was
considered to be fairly large and may be easily underestimated by using

postoperative assessment procedures.

Preoperatively learned words were generally recognized during the
postoperative recognition   task and elicited reliable P3 responses. However,
intraoperatively presented words did not elicit a P3-like component, nor did
they produce longer reaction times or more accidental recognition responses.
Evidence for intraoperative memories could therefore  not be demonstrated.
Inspection of the individual responses also did not reveal any indication of
information storage, which was in contrast with our preliminary study. It was
concluded that anesthesia had apparently precluded encoding and/or storage of
the auditorily presented words, which was further supported by the long-
latency AEPs recorded during the learning period. Alternatively, it would be
possible that the suggestion that ERPs can be used as indirect measures of
recognition memory  does not apply to memories outside awareness.

The long acquisition time needed for obtaining long-latency AEPs make them
unsuitable for routine monitoring. However, because the Pl-Nl-P2 complex
can be considered the earliest evidence for perceptual processing, without the
additional requirement of (partially) intact motor or memory systems, these

long-latency AEP components might be perfectly suited to serve as reference
measures for validation of signals more suitable for monitoring. In the study
described in Chapter 10, the hypothesis was tested that features from
midlatency AEP components could predict the occurrence    of   a    Pl -N 1 -P2
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complex reflecting primary perceptual processing. It was found that Pa and Nb
latencies were significantly shorter both before and after recording epochs in
which a recognizable Pl-Nl-P2 complex occurred, compared to epochs in
which no such long-latency AEP deflections could be distinguished. By using
a combination of 6 features from the EEG. the midlatency AEP components
and the mean arterial blood pressure it was possible to predict the occurrence
of a clear Pl-Nl-P2 complex with a sensitivity of 89% and a specificity of
86 %. The midlatency AEP components significantly contributed     to     this
prediction and it was therefore concluded that these early cortical responses
provide information about the possibility of perceptual processing during
anesthesia, and thus might be relevant for monitoring of anesthesia adequacy.

The main results obtained from the studies presented in this thesis are
summarized and discussed in Chapter   1 1. It appeared  that   in many conditions
information processing continued during anesthesia up to a certain level of
perception but without reaching consciousness. There    were no indications
found for information storage in long-term memory. With respect to the major
aim of the project -- to evaluate measures for detecting, analyzing and
monitoring intraoperative information processing --, it can be concluded that:
(1) the recording of midlatency AEP components may significantly add to
conventional intraoperative monitoring techniques, (2) long-latency AEP
components are suitable as intraoperative reference measures indicating if,
when and how elementary abilities to process incoming auditory information
are preserved during anesthesia, (3) the utility of an ERP-based memory
assessment procedure to detect memories for intraoperative events can be
questioned with respect to its sensitivity for memories outside awareness and
its required effort. To improve interpretations of the intraoperatively recorded
long-latency AEPs it is recommended to create a more controlled environment
in future research, including recordings from more electrode positions and
during light and moderate levels of anesthesia. The combination of a
psychological approach and a biomedical approach appeared to be fruitful in
every respect and can be recommended to all researchers  in the field.
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SAMENVATTING

De centrale doelstelling van het project was om na te gaan of opgewekte
(evoked) en gebeurtenis-gerelateerde (event-related) hersen-potentialen
gebruikt zouden kunnen worden om vast te stellen of, wanneer en hoe
pati8nten onder anesthesie (narcose) auditieve informatie kunnen waarnemen,
verwerken en opslaan in het geheugen.

Over het algemeen wordt aangenomen dat anesthesie het bewustzijn volledig
onderdrukt. Een groot aantal psychologische studies hebben echter
aanwijzingen gevonden voor het feit dat waarnemings- en geheugen- functies
deels actief kunnen blijven tijdens anesthesie. Deze studies hebben aangetoond
dat het gedrag of de taak-prestatie van de patianten na de operatie beYnvloed
kan worden door mededelingen die gedaan zijn tijdens de operatie, ondanks
het feit dat deze mededelingen niet bewust herinnerd konden worden. Dit
verschijnsel is het meest overtuigend aangetoond door indirecte of impliciete
geheugen tests. Tijdens zo'n test wordt bijvoorbeeld aan patienten gevraagd
om een voorbeeld van een categorie te noemen of om bepaalde letter-grepen af
te maken met het eerste woord dat in hen opkomt. Het idee achter deze studies
is dat wanneer de patienten antwoorden met juist dit woorden die tijdens de
operatie zijn aangeboden, dit zou kunnen betekenen dat deze woorden op een
of andere manier zijn waargenomen en geregistreerd. Hoofdstuk 2 geeft een
overzicht  van  deze en andere type geheugen studies. Er wordt geconcludeerd
dat deze studies inconsistente resultaten hebben opgeleverd en onvoldoende
inzicht geven in de specifieke omstandigheden waaronder informatie
verwerking tijdens anesthesie kan optreden. Vooruitgang in dit type onderzoek
zou bereikt kunnen worden door het niveau van anesthesie tijdens het
aanbieden van de informatie in het onderzoek te betrekken.

Adequate anesthesie kan gedefinieerd worden als een voldoende mate van pijn-
onderdrukking, controle over autonome reflexen. spier-verslapping,
bewustzijns-verlaging en geheugen verlies. Tegenwoordig worden     deze
functies van anesthesie gerealiseerd door een combinatie van verschillende
farmacologische middelen. Omdat deze middelen erg weinig bijeffecten
hebben en omdat spier-verslappers worden gebruikt kan een te lichte
anesthesie niet eenvoudig worden opgemerkt, met als mogelijk gevolg dat
patienten "iets" kunnen waarnemen. In de literatuur zijn diverse technieken en
signalen voorgesteld om de huidige methoden ter bepaling van het niveau van
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anesthesie te verbeteren, met name met betrekking tot de moeilijke vaststelling
van het niveau van bewustzijn. Deze technieken en signalen worden
beschreven in Hoofdstuk   3. Het opnemen van Auditieve Evoked Potentials
(AEPs) wordt daarin voorgesteld als een veel belovende methode voor het
bewaken  van het anesthesie niveau.  Een AEP geeft de elektrische reactie  van
de hersenen aan op het aanbieden van een bepaald geluid, bijvoorbeeld een
klik of een toon. Een AEP bestaat uit een serie pieken met elk een
karakteristieke latentie (tijdstip van optreden van de piek na aanbieding van het
signaal) en amplitude (hoogte   van   de   piek). AEPs worden belangrijk geacht
omdat zij de processen rellecteren die uiteindelijk kunnen leiden tot
bewustzijn, namelijk transport, detectie en verwerking van auditieve
informatie. Verder heeft onderzoek aangetoond dat latentie en amplitude  van
de  midlatency AEP componenten (zichtbaar  10-60  msec na aanbieden signaal)
dosis-gerelateerde veranderingen vertonen voor diverse anesthesie middelen en
dat zij reageren op chirurgische stimulatie.   Om deze redenen en omdat  zij
binnen een korte periode kunnen worden verkregen, worden midlatency AEP
componenten geschikt geacht voor bewaking van het niveau van anesthesie.
De relatie tussen deze vroege corticale reacties en de daadwerkelijke
waarneming van geluiden is echter nog niet vastgesteld. Bewijzen voor zo'n
relatie zouden verkregen kunnen worden door het gelijktijdig opnemen van
AEP reacties die volgen op de midlatency componenten en door experimenteel
na te gaan of er onbewuste of verborgen herinneringen zijn van items die
tijdens de operatie zijn gepresenteerd.

Long-latency AEP componenten (zichtbaar later dan 60 msec na aanbieden
signaal)   zijn een bepaalde sub-categorie van Event-related potentials   (ERPs).
ERPs zijn kleine variaties in op de schedel gemeten potentiaal verschillen die
in een tijdsafhankelijke relatie staan met een bepaalde gebeurtenis (event). Zij
worden doorgaans van het achtergrond EEG onderscheiden met behulp van
middelings-procedures. ERP latenties en amplitudes kunnen informatie geven
over de snelheid en de manier van informatie verwerken, zelfs in situaties
waarin geen gedrags-reactie wordt gegeven. Door deze eigenschappen zijn
ERPs uitermate geschikt om het optreden van informatie verwerking tijdens
anesthesie te onderzoeken en om mogelijke verborgen herinneringen voor
tijdens de operatie aangeboden items aan te tonen. Voor wat betreft het
optreden van informatie-verwerking is het van belang te weten dat de
componenten     N 1     en    P2 de activiteit van vroege perceptuele processen
reflecteren. De MMN en de P3 reflecteren respectievelijk het automatisch en
bewust opmerken van afwijkende items. Deze ERP componenten kunnen vrij
eenvoudig worden opgewekt   in een zogenaamde "oddball taak", waarin
frequente standaard items worden afgewisseld met infrequente afwijkende
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items. Bij het bestuderen van bewuste en onbewuste herinneringen wordt met
name verwezen naar late positieve componenten, welke waarschijnlijk
geassocieerd zijn met de P3 en welke in verband worden gebracht met
verschillende geheugen processen. ERP veranderingen die optreden als gevolg
van veranderingen in aandacht of bewustzijn worden besproken in Hoofdstuk
4. Tevens wordt in dit hoofdstuk een overzicht gegeven van de relatie tussen
ERPs en enkele aspecten van het geheugen.

De studies die zijn beschreven in het experimentele deel van dit proefschrift
zijn ontworpen om het vermogen van de patienten om tijdens anesthesie
auditieve informatie waar te nemen en op te slaan in het geheugen te
onderzoeken. De algemene methodologie en technische specificaties worden
beschreven in Hoofdstuk 5. Midlatency AEPs werden geregistreerd tijdens  de
operaties om hun veronderstelde kwaliteiten ter bepaling van het niveau van
anesthesie te onderzoeken  [zie  ook  De  Beer, 1996]. Daarnaast werden  long-
latency AEPs geregistreerd om waarnemings-processen tijdens anesthesie op te
merken en te analyseren. Na de operatie werd een herkenningstest uitgevoerd
met gelijktijdige opname van ERPs om verborgen herinneringen voor eerder
gepresenteerde woorden te onderzoeken. Alle onderzochte pati8nten

ondergingen een hart-operatie onder gestandaardiseerde propofol/ alfentanil
anesthesie.

Om de inconsistente resultaten van eerder-genoemde impliciete geheugen tests
te kunnen verklaren is een nauwkeurige analyse van de beschreven effecten

nodig, bij voorkeur voor iedere patient individueel. Of ERPs voor dit doel
gebruikt zouden kunnen worden is allereerst onderzocht in een groep gezonde
vrijwilligers. Dit experiment is beschreven in Hoofdstuk 6. Gebaseerd op
resultaten van leugen-detectie studies, werd verondersteld     dat P3 reacties

opgewekt zouden worden door items die slechts af en toe verschijnen te
midden van andere items en die op een bepaalde manier belangrijk zijn voor
de proefpersoon, in dit geval omdat zij vooraf zijn geleerd. Tijdens drie
herkennings-taken, uitgevoerd op twee opeenvolgende dagen, werd aan de
proefpersonen gevraagd om op een "ja" -knop te drukken wanneer zij een
zojuist geleerd woord herkenden. Deze woorden werden aangeboden samen
met nieuwe woorden en eerder geleerde woorden die beide gevolgd dienden te
worden met het indrukken van een "nee" -knop. Het belangrijkste resultaat
was dat zojuist geleerde woorden dn eerder geleerde woorden grotere P3-
reacties lieten zien dan nieuwe woorden, dus zelfs wanneer er ontkennend

werd gereageerd. Er werd geconcludeerd dat ERPs gebruikt zouden kunnen
worden om de aanwezigheid van informatie in het lange termijn geheugen aan
te tonen, mogelijk ook in situaties waarin patienten bepaalde gebeurtenissen
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niet meer kunnen herinneren maar waar zij desondanks toch weet van zouden
kunnen hebben.

In Hoofdstuk 7 wordt een voorbereidende studie beschreven die bedoeld was
om de potentie en de haalbaarheid van de voorgestelde methodes te testen.
Long-latency AEPs werden opgenomen in 12 pati8nten tijdens oddball taken
die werden aangeboden voor en tijdens verschillende periodes van de operatie.
Deze oddball taken bestonden uit frequente en infrequente tonen van
verschillende toon-hoogte (ratio 80:20). De ochtend na de operatie werd een
ERP herkenningstaak aangeboden vergelijkbaar met die gepresenteerd in
Hoofdstuk 6. De meest essentiele analyse bestond uit het vergelijken van
gedrags- en ERP- reacties op geleerde woorden (voor de operatie),
gepresenteerde woorden (tijdens de operatie) en nieuwe woorden. Wanneer de
reacties van de gepresenteerde woorden zouden lijken op die van de geleerde
woorden, dan zou dit kunnen duiden op aanwezigheid van elementaire
herkennings-reacties voor tijdens de operatie aangeboden items. Wanneer in
tegenstelling de reacties van de gepresenteerde woorden lijken op die van de
nieuwe woorden, dan zou men een adequate onderdrukking van geheugen-
functies kunnen veronderstellen. Long-latency AEPs konden worden
geregistreerd in reactie op de aangeboden tonen tijdens anesthesie maar hun
vorm verschilde aanmerkelijk met die van de AEPs geregistreerd tijdens
wakkere toestand. Dit suggereerde dat auditieve verwerking weliswaar
doorgaat tijdens anesthesie maar dat andere neurale circuits daarbij betrokken
zouden kunnen zijn. De resultaten van de herkenningstaak lieten zien dat 3
patienten waarschijnlijk enkele woorden die tijdens de operatie waren
aangeboden hadden geregistreerd. Voor 2 van hen werden lage propofol
spiegels tn betrouwbare long-latency AEPs gemeten dichtbij het moment van
aanbieding van de woorden. Dit resultaat ondersteunde het idee dat deze maten
gerelateerd zouden kunnen zijn. Er werd geconcludeerd dat een combinatie
van metingen tijdens en na de operatie significant kan bijdragen aan de
specificatie van de omstandigheden waaronder informatie verwerking zou
kunnen optreden. Tevens werd geponeerd dat long-latency AEPs bruikbaar
zijn om nieuwe technieken ter bepaling van het niveau van anesthesie te
valideren, omdat zij een sterk en direct bewijs vormen voor de continuering
van perceptieve processen.

Verschillende aspecten van onze hoofd-studie worden beschreven in de
volgende 3 hoofdstukken. Deze studie was sterk vergelijkbaar met de
voorbereidende studie. Door het onderzoeken van een groter aantal patienten
(N = 41)   verwachtten   we meer statistisch ondersteunde uitspraken te kunnen
doen en informatie te verkrijgen over hoe vaak en wanneer informatie
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verwerking voorkomt. Een toegepaste verandering was dat de woorden die na
de operatie werden getest op herkenning niet meer werden gepresenteerd als
een lijst maar als afwijkende geluiden tijdens twee intra-operatieve oddball
taken. Dit stelde ons in staat long-latency AEPs te meten in reactie op meer
complexe geluiden (de woorden) en om mogelijke evidentie voor opslag in het
geheugen direct te relateren aan aanwijzingen voor perceptie en registratie. De
gegevens verkregen tijdens en na de operatie worden afzonderlijk beschreven
in respectievelijk Hoofdstuk 8 en 9. Correlaties met gelijktijdig opgenomen
midlatency AEP componenten worden beschreven in Hoofdstuk 10.

In overeenstemming met de voorbereidende studie konden er tijdens anesthesie
long-latency AEPs worden geobserveerd tot 500 msec na aanbieding van de
tonen. Het meest opvallende effect van anesthesie was dat de Nl in amplitude
afnam tot waarden gelijk of kleiner  aan  die   van de baseline   en  dat   P 1   en   P2

tegelijkertijd in amplitude toenamen. Omdat overeenkomstige veranderingen in
AEP reacties ook zijn gerapporteerd in slaap-onderzoek, werd er een
overeenstemming gesuggereerd in de mechanismen die ten grondslag liggen
aan elementaire auditieve verwerking tijdens farmacologisch-geinduceerde en
natuurlijke toestanden van verminderde arousal- of aandachts- niveaus. Verder
werd vermoed dat dit het gevolg zou kunnen zijn van een afname van een niet-
specifieke activiteit. Tijdens anesthesie bleken Nl en P2 amplitudes groter te
zijn voor infrequente dan voor frequente tonen. Dit zou kunnen betekenen dat
de mogelijkheid om verschillend te reageren op tonen van verschillende toon-
hoogte en frequentie van verschijnen tijdens anesthesie gespaard blijft. Aan de
andere kant blijft het enigszins onzeker of deze amplitude verschillen werkelijk
het opmerken van stimulus-afwijking reflecteerden of dat zij het gevolg waren
van selectieve "refractoriness" 1. Omdat de woorden geen herkenbare   long-
latency AEPs opwekten werd er gesuggereerd dat anesthesie het verwerken
van meer complexe stimuli waarschijnlijk effectief heeft onderdrukt.
Temperatuur en plasma concentraties van propofol en alfentanil correleerden
niet of laag met AEP amplitude en latentie en werden daarom van weinig
belang geacht voor controle van long-latency AEPs. Op basis van piek-piek
amplitude criteria werd 25 procent van alle AEP registraties beoordeeld als
een herkenbaar Pl-Nl-P2 complex, waarvan de meeste waren opgenomen in
de  periode voor aansluiting  aan de hart-long machine. Daarom  werd  aan  met
name deze periode een verhoogd risico toegekend voor wat betreft het
voorkomen van auditieve informatie verwerking. Omdat   voor   70 %   van   alle

i "Refractoriness" is niet vertaalbaar naar het Nederlands. Het betekent dat een
afwijkende stimulus nieuwe groepen van zenuwcellen activeert die niet werden
geactiveerd door de voorafgaande standaard stimuli.
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patienten een herkenbaar Pl-Nl-P2 complex geobserveerd kon worden tijdens
ten minste 66n van intra-operatieve registraties werd het voorkomen van
auditieve waarneming tijdens anesthesie behoorlijk hoog geacht, hetgeen te
gemakkelijk onderschat kan worden wanneer conclusies alleen gebaseerd
zouden zijn op metingen na de operatie.

Woorden die voor de operatie geleerd waren werden over het algemeen
herkend tijdens de post-operatieve herkenningstaak en de ERPs voor deze
woorden werden gekenmerkt  door  een  P3. De woorden die tijdens de operatie
waren aangeboden wekten geen P3-reactie op, noch genereerden zij langere
reactie tijden of meer "foute" herkennings-reacties. Bewijzen voor (verborgen)
herinneringen   aan de operatie konden   dus niet worden aangetoond. Inspectie
van individuele reacties leverde ook geen enkele aanwijzing op voor opslag in
het     geheugen, in tegenstelling     tot de voorbereidende studie.      Er     werd
geconcludeerd dat anesthesie de encodering en/of de opslag van de
gepresenteerde woorden blijkbaar heeft verhinderd, hetgeen ook werd
ondersteund door de long-latency AEPs opgenomen tijdens de leer-periode.
Een alternatieve verklaring zou kunnen zijn dat de suggestie dat ERPs gebruikt
kunnen worden als indirecte maten voor herkenning niet geldt voor
herinneringen buiten het bewustzijn.

De lange tijd die nodig is om long-latency AEPs Op te nemen maakt hen
onbruikbaar voor routinematige controle van anesthesie. Omdat  het  Pl -Nl-P2
complex echter beschouwd kan worden als de allereerste evidentie voor
waarnemings-processen, zonder de extra eis dat motorische en geheugen
systemen (deels) intact moeten zijn, kunnen zij uitstekend dienen als referentie
maten om de signalen die w61 geschikt zijn voor anesthesie-bewaking te
valideren. In de studie die wordt beschreven in hoofdstuk 10 werd de
hypothese getoetst dat eigenschappen van midlatency AEP componenten het
voorkomen  van een betrouwbaar  Pl-N 1-P2 complex,  en  dus de aanwezigheid
van primaire waarnemings-processen, kan voorspellen. Er werd gevonden dat
Pa en Nb latenties significant korter waren wanneer zij waren opgenomen voor
of  na  een AEP registratie  met een herkenbaar  P 1 -N 1 -P2 complex dan wanneer
zij werden opgenomen voor of na een AEP registratie waarin zo'n complex
niet waarneembaar was. Met gebruikmaking van een combinatie van 6
kenmerken van het EEG, de midlatency AEP componenten en de gemiddelde
arteriele bloeddruk was het mogelijk om het verschijnen van een Pl-Nl-P2
complex te voorspellen  met een gevoeligheid  van  89 %   en een specificiteit  van
86 %.   De   midlatency AEP componenten droegen in belangrijke   mate   bij    tot
deze voorspelling en er werd daarom geconcludeerd dat deze vroege corticale
reacties informatie bieden over de mogelijkheid van het optreden van
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waarnemings-processen tijdens anesthesie, en dus relevant zijn voor het
bepalen van het niveau van anesthesie.

De belangrijkste resultaten worden samengevat en besproken in Hoofdstuk  1 1.
Het is gebleken dat informatie verwerking in een groot aantal gevallen tot op
bepaalde hoogte doorgaat tijdens propofol/alfentanil anesthesie maar dat dit
niet het bewustzijn bereikt. Er zijn verder geen aanwijzingen gevonden voor
opslag in het geheugen. Voor wat betreft de hoofd-doelstelling van het project
-- het evalueren van signalen die mogelijk gebruikt kunnen worden voor het
ontdekken, analyseren en controleren van informatie verwerking tijdens
anesthesie --, kan worden geconcludeerd worden dat: (1) het opnemen van
midlatency AEP componenten kan significant bijdragen aan conventionele
methoden ter bepaling van het niveau van anesthesie, (2) long-latency AEP
componenten zijn geschikt om als intra-operatieve referentie maten te dienen
en om aan te geven of, wanneer en hoe elementaire processen om auditieve
informatie te verwerken worden gespaard tijdens anesthesie, (3) de
bruikbaarheid van een op ERPs gebaseerde methode om het geheugen te testen
kan worden betwijfeld op grond van haar gevoeligheid voor herinneringen
buiten het bewustzijn en haar vereiste inspanning. Om de long-latency AEPs
die tijdens de operatie zijn gemeten beter te kunnen interpreteren is het aan te
bevelen om in toekomstig onderzoek de metingen in een meer gecontroleerde
omgeving te verrichten, inclusief metingen van meer elektrode posities en
gedurende lichte anesthesie. De combinatie van een psychologische benadering
en een biomedische benadering bleek in ieder opzicht erg vruchtbaar te zijn en
is  dan  ook als zodanig  aan te bevelen  aan alle onderzoekers  in  het  veld.
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