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Preface to the Series

Experimental life sciences have two basic foundations: concepts and tools. The Neuro-
methods series focuses on the tools and techniques unique to the investigation of the nervous
system and excitable cells. It will not, however, shortchange the concept side of things as
care has been taken to integrate these tools within the context of the concepts and questions
under investigation. In this way, the series is unique in that it not only collects protocols but
also includes theoretical background information and critiques which led to the methods
and their development. Thus, it gives the reader a better understanding of the origin of the
techniques and their potential future development. The Neuromethods publishing program
strikes a balance between recent and exciting developments like those concerning new
animal models of disease, imaging, % vivo methods, and more established techniques,
including, for example, immunocytochemistry and electrophysiological technologies. New
trainees in neurosciences still need a sound footing in these older methods in order to apply
a critical approach to their results.

Under the guidance of its founders, Alan Boulton and Glen Baker, the Newuromethods
series has been a success since its first volume published through Humana Press in 1985. The
series continues to flourish through many changes over the years. It is now published under
the umbrella of Springer Protocols. While methods involving brain research have changed a
lot since the series started, the publishing environment and technology have changed even
more radically. Neuromethods has the distinct layout and style of the Springer Protocols
program, designed specifically for readability and ease of reference in a laboratory setting.

The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new dis-
ciplines in the biological and medical sciences. For example, Physiology emerged out of
Anatomy in the 19 century by harnessing new methods based on the newly discovered
phenomenon of electricity. Nowadays, the relationships between disciplines and methods
are more complex. Methods are now widely shared between disciplines and research areas.
New developments in electronic publishing make it possible for scientists that encounter
new methods to quickly find sources of information electronically. The design of individual
volumes and chapters in this series takes this new access technology into account. Spring-
erProtocols makes it possible to download single protocols separately. In addition, Springer
makes its print-on-demand technology available globally. A print copy can therefore be
acquired quickly and for a competitive price anywhere in the world.

Saskatoon, SK, Canada Wolfgang Walz



Preface

Topics of Research in General Anesthesia: State of the Art and Perspectives

The anesthetics used in everyday clinical practice are reassuringly safe. They provide us with a
portfolio of rapidly acting and titratable agents. The technique used for the administration of
anesthesia and monitoring of vital signs has also improved dramatically during these last
decades. There is also a rapid development in surgery, surgical technique, and patients with
complex and severe disease that are scheduled for surgery, along with a growing number of
elderly and fragile patients having surgery. Thus, the demands for safe and eftective anesthe-
sia, securing not only a safe and effective intraoperative course but a rapid recovery following
more complex surgery in the elderly and fragile patient, have become of outmost importance.

Stable intraoperative course with minimal deviation in vital signs, maintaining homeo-
stasis with secure and adequate depth of anesthesia, avoiding any risk for unintentional light
anesthesia, and subsequent risk for awareness with recall must be acknowledged. Avoiding
too deep anesthesia and subsequent cardiovascular depression and prolonged recovery
should likewise be avoided.

Goal-directed anesthesia, titrating anesthetics to each patients’ unique needs, and
balancing the surgical stress are common requests nowadays. Choosing an anesthetic
agent may also impact quality of recovery and long-term outcomes. Combining drug choice
and goal-directed drug delivery may indeed have an important impact on patient quality of
recovery and potentially long-term prognosis. The potential risk for neurocognitive side
effects during recovery has become a major concern in the handling of the elderly and fragile
patients. Optimizing preoperative, prehabilitation, and fine-tuning anesthesia is important
to understand in order to minimize the risk for postoperative cognitive side effects, postoper-
ative delirium, and postoperative cognitive dysfunction. The effects on the cognitive function,
both in the neonate and in the elderly, are a matter of debate. Extensive research is devoted to
study the impact of anesthetics on the central nervous system, i.e., what can specific drugs
impact and what impact do specific drugs have on the neuro-inflammatory response when
associated to surgery and anesthesia. Further studies translating the basic research into the effect
of surgery/anesthesia on the developing brain and in the elderly with signs and symptoms of
dementia are urgently needed. Anesthetic techniques and their impacts on the prognosis in
patients with cancer disease are also discussed. There are data suggesting that anesthetic choice
may impact the risk for metastasis and cancer reoccurrence. There is also extensive research
looking at the effects of anesthetics on cancer cells and systems involved in cancer progression.
Preclinical research, as well as prospective randomized clinical trials, is ongoing.

We are currently at an exciting time where anesthesia has evolved from being tasked to
only take care of patients during the surgical procedure to perioperative medicine specialty,
supporting the patient throughout the preoperative preparation and postoperative period.
Quality of recovery, avoidance of neurocognitive side effects and having long-term out-
comes, and the development of chronic pain and disease progress are becoming the new
objective for anesthesiologists.

Stockholm, Sweden Jan G. Jakobsson
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The Challenge of Accidental Awareness During General
Anesthesia

Marco Cascella

Abstract

Intraoperative unconsciousness and amnesia are main goals of general anesthesia. Although these objectives
are achieved in the vast majority of cases, in very rare circumstances they are not “completely” obtained, or
maintained, and in turn, accidental consciousness and subsequent memorization of sensorial information
may occur during intended anesthesia. This failure of anesthesia is termed as general anesthesia awareness
(or accidental awareness during general anesthesia, or simply awareness). While the incidence of this
complication is rare, the clinical features and its potentially devastating psychological sequelac impose a
thorough knowledge of the phenomenon.

During anesthesia, the patient may be occasionally cognizant responding to commands or may wake
up. This intraoperative awakening, termed as “wakefulness,” must be not confused with the awareness. The
discriminating element for a proper definition of awareness, indeed, is the concomitant presence of two
elements that correspond to higher cognitive functions: consciousness and memory processing of the
intraoperative experience.

Although not all wakefulness episodes complete the memory processing (encoding, storing through
consolidation, and retrieval), consolidated unexpected experiences can be expressed as explicit-
spontaneous, or induced, reports. The pathways of this declarative, or explicit, memory produce, in turn,
the awareness with recall phenomenon. Alternatively, the intraoperative experience can be processed
without requiring conscious memory content and expressed as inexplicable changes in behaviors, or
performances, or through the mechanism of priming, in which exposure to one stimulus influences a
response to a subsequent stimulus, without conscious guidance, or intention. The processing of informa-
tion via nondeclarative, or implicit, memory system, leads to the other awareness subtype: the awareness
without explicit recall.

Referring to the state of the art of research, the aim of this chapter is to dissect the multiple aspects of this
anesthesia-induced complication. Although in recent years research has allowed us to understand many
aspects of the phenomenon, its complete characterization still seems far away, and several controversies and
dark sides remain. In particular, the chapter addresses topics related to definitions and classification,
epidemiology, clinical features, risk factors, management, and strategies useful for prevention.

Finally, the interest in the subject is justified as it represents a fascinating matter of investigation which
intersects study areas in the contexts of the “general anesthesia research” and neuroscience. Mechanisms of
anesthesia, and impact of anesthetics on consciousness and memory, represent an attractive way for studying
brain and mind through an “experimental model” (general anesthesia) that is carried out on several tens of
millions of patients, every year.

Marco Cascella (ed.), General Anesthesia Research, Neuromethods, vol. 150, https://doi.org/10.1007/978-1-4939-9891-3_1,
© Springer Science+Business Media, LLC, part of Springer Nature 2020
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Key words General anesthesia awareness, Accidental awareness during general anesthesia, Explicit
memory, Anesthesia awareness with recall, Awareness without explicit recall, Memory consolidation,
Memory processing, Benzodiazepines

Abbreviations

AAGA Accidental awareness during general anesthesia
AAWR Anesthesia awareness with recall

ASA American Society of Anesthesiologists

AWER Awareness without explicit recall

BDZs Benzodiazepines

CITA Combination of intravenous and inhaled anesthesia
DoA Depth of anesthesia

ETAC End-tidal anesthetic concentration

GA General anesthesia

GAA General anesthesia awareness

GABAAR Gamma-aminobutyric acid A receptor

TIA Intraoperative awakening

ICU Intensive care unit

IFT Isolated forearm technique

MAC Minimal alveolar concentration

NAP5 Fifth National Audit Project from Great Britain

NMBAs Neuromuscular blocking agents
NMDA N-methyl-p-aspartate

NO Nitrous oxide
PTSD Posttraumatic stress disorder
TIVA Total intravenous anesthesia

1 Introduction

Intraoperative unconsciousness and amnesia, respectively, the inca-
pability of evaluating and processing the information of the envi-
ronment and the abolished memorization of events that occurred
while the patient is under the effect of anesthetics, are the main
goals and the foundation of general anesthesia (GA). Although
these objectives are achieved in the vast majority of cases, in very
rare circumstances they are not “completely” maintained and, in
turn, accidental consciousness and subsequent memorization may
occur during intended anesthesia. This anesthesia complication,
which has been referred to for many years as awareness, is generally
termed as general anesthesia awareness (GAA) or accidental aware-
ness during general anesthesia (AAGA). The awareness complica-
tion encompasses a spectrum of conditions with different clinical
manifestations (Fig. 1).

Awareness during anesthesia is not a new problem because,
interestingly, it was observed even at the beginning of the modern
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Intraoperative Postoperative

Awareness With
Explicit Recall

NS Wakefulness

Potential
s Psychological
General Anesthesia Complications

Depth of Anesthesia

Anesthesia Time Hours to Years after surgery

Fig. 1 General anesthesia awareness. Schematic picture and subtypes. During anesthesia, it is not always
possible to maintain a state of deep anesthesia (below the red line). Again, patients may be occasionally
cognizant responding to commands or may wake up. This intraoperative awakening is termed as “wakeful-
ness.” Although not all wakefulness episodes follow the pathways of memory processing (encoding, storing
through consolidation, and retrieval), consolidated unexpected experiences can be expressed as explicit-
spontaneous or induced report (declarative, or explicit memory), configuring the awareness with recall
phenomenon. Alternatively, the intraoperative experience can be processed without requiring conscious
memory content (nondeclarative or implicit memory) and expressed as inexplicable changes in behaviors or
performances. Both awareness subtypes may be reported (awareness with recall) or expressed (awareness
without recall) at the emergence from anesthesia but also at distance from the end of the intervention.
Awareness may have psychological sequelae for the patient, including single symptoms (insomnia, depres-
sion, anxiety), or grouped into definite syndromes (e.g., post-traumatic stress disorder)

anesthesia. Morton himself described that his anesthetized patients
were “half asleep” and experienced pain during the operation
[1]. In 1950, Winterbottom described the first well-detailed clini-
cal case in a correspondence to the British Medical Journal entitled
“Insufficient anaesthesia”. As the patient reported:

... I'woke up in the theatrve! ... I was awakened by the most excruciating pain in
my tummy. 1 felt as if my whole inside was being pulled out. Iwanted to cry ont
or otherwise indicate my suffering but I couldn’t move any part of me. I heard
the doctors talking about the gall-bindder and about doing something with it to
the small intestine ... [2].

Later on, in 1961, Meyer and Blacher [3] firstly illustrated the case
of a patient that manifested psychological complications after an
episode of awareness. This psychological manifestation was indi-
cated as “traumatic neurosis” because the posttraumatic stress dis-
order (PTSD) had not yet been characterized by the American
Psychiatric Association [4]. The authors titled the report “Trau-
matic Neurotic Reaction Induced by Succinylcholine Chloride”
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where they postulated the pathogenetic role of that short-acting
depolarizing curare. Undoubtedly, the introduction of the neuro-
muscular blocking agents (NMBAs) in anesthesia (1942) has sig-
nificantly increased the risk and, consequently, the number of GAA
cases.

Nowadays, there is “awareness” that although the incidence of
this complication is rare, the clinical features and its potentially
devastating psychological sequelae justify the high public concern.
Furthermore, the awareness-related medicolegal issues are of para-
mount importance. In this regard, Domino et al. [5] analyzed the
database of the Closed Claims Project, which is composed of closed
malpractice claims in the USA, and found that approximately 2% of
the legal claims against anesthetists concerned awareness.

Because the phenomenon is particularly complex, there is con-
fusion regarding terminology [6] and classification, as well as poor
understanding of overall incidence and that in the various settings,
clinical significance and potential psychological sequelae, risk fac-
tors, and strategies useful for prevention.

Referring to the state of the art of research, the aim of this
chapter is to dissect the multiple features of this anesthesia-induced
complication. In recent years, research has allowed us to under-
stand many aspects of the phenomenon. Nevertheless, because its
complete characterization still seems far away, several controversies
and dark sides remain. This topic represents a fascinating matter of
investigation which intersects study areas that, in the context of the
“general anesthesia research,” range from the pharmacodynamics
of anesthetics to the mechanisms of GA, the relationship between
anesthesia and consciousness, the processes of memorization, and
the consequent effort to develop systems and strategies for intrao-
perative brain monitoring.

2 Definitions and Subtypes

The discriminating element for a proper definition of the GAA is
the concomitant presence of two elements that correspond to
higher cognitive functions: consciousness and memory. The rela-
tionship between consciousness and anesthesia is not so simple to
define. The first problem is the exact definition of consciousness, a
complex combination of phenomenal experiences with the precise
understanding of what they are:. in other words, the link between
the brain and the mind. Given its high significance, this matter has
been addressed by philosophers, scientists, mathematicians and
researchers from different fields; thus, several theories of conscious-
ness have been postulated [7-13] (Table 1). According to a philo-
sophical approach, consciousness represents the state or quality of
awareness, or, of being aware of an external object or something
within oneself. In medicine, consciousness is assessed by observing
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Table 1
Selected consciousness theories (Adapted from [15])

Author(s) (date) Theory Brief explanation

Immanuel Kant (Critique of Pure Reason Cognitive Consciousness is the result of binding
(1781)) and following attempts for binding” together in a single unified
explaining the “binding problem” Percept, different features of an object.

There are several levels of binding: neural
(convergent binding), systems (assembly
binding) and global (synchronous
binding) levels

Edelman (1987) [8] Neural The mind and consciousness are purely
Darwinism biological phenomena, arising from
complex cellular processes within the
brain. Thus, the development of
consciousness and intelligence can be
explained by the Darwinian theory

Baars (1988) [9] Global Based on the artificial intelligence concept
workspace® called the “blackboard.” consciousness
works like a computer memory, which
can call up and retain an experience even
after it has passed

Crick and Koch (1990) [10] Neural The neuronal correlates of consciousness
corvelates of constitute the smallest set of neural
CONSCLOUSNESS events and structures sufficient for a

given conscious percept or explicit
memory. This theory is a structured
attempt to explain the binding problem

Thagard and Stewart (2014) [11] Semantic Consciousness results from three
pointer mechanisms: Representation by firing
competition patterns in neural populations, binding

of representations into more complex
representations called semantic pointers,
and competition among semantic
pointers to capture the most important
aspects of an organism’s current state

Tononi (2004) [12] Integrated Conscious experience represents the
information®  integration of a wide variety of
information, and this experience is

irreducible
Graziano and Kastner (2011) [13] The “attention Specific cortical areas, notably in the
schema” superior temporal sulcus and the
theory temporoparietal junction, are used to

build the construct of awareness and
attribute it to other people. The same
cortical machinery is also used to
attribute awareness to oneself

*For attempts to explain the “biding problem,” see ref. 7

°Global workspace theory and integrated information theory are not mutually exclusive. The former tries to explain in
practical terms whether something is conscious or not, whereas the latter seeks to explain how consciousness works more
broadly
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and testing the patient’s arousal and responsiveness. Based on the
degree of the patient’s response—assessed by standardized behav-
ior observation scales—consciousness may range from a full alert-
ness and comprehension state to disorientation, delirium, loss of
meaningful communication, and finally an unconsciousness state
featuring loss of movement in response to painful stimuli
[14]. Even in anesthesia, consciousness has a spectrum of condi-
tions extending from a complete waking status to a deep level of
anesthesia. Obviously, they are not rigid consciousness/uncon-
sciousness conditions, as consciousness fluctuation during general
anesthesia has been also postulated [15].

In nosographic and clinical terms, it is important to distinguish
the “true” awareness complication from intraoperative conditions
that do not necessarily presuppose consciousness and memory.
During GA, in nonparalyzed or partially paralyzed patients and in
the case of inadequate pain control, spinal reflex to pain or surgical
stimulation may be intact despite a right anesthesia status [16]. Of
note, these involuntary movements and reactions such as facial
muscles contraction, eye movements, intolerance of orotracheal
tube and limb movements as well as sweating and signs of sympa-
thetic activation, show the features of the finalistic activity.

In some circumstances, patients seem to be cognizant respond-
ing to commands (see the isolated forearm technique, IFT), or may
wake up during anesthesia and surgery. This intraoperative awak-
ening (IA), called “wakefulness,” is not necessarily associated with
postoperative recall or memory of the event. Memory processing
encompasses encoding (i.e., acquiring and representing of mem-
ory), storage through working memory stage and consolidation
(through synaptic and broad cellular events such as transcriptional,
translational, posttranslational mechanisms, and feedback and feed-
forward regulation), and retrieving of information. In the lack of
successful memory processing, the sensorial features of the wake-
fulness fall into oblivion. Thus, because the occurrence of intrao-
perative wakefulness not necessarily is followed by explicit-
spontaneous, or induced, report after emergence, the terms (and
phenomena) of wakefulness and awareness must be not confused
[17]. The phenomenon of intraoperative wakefulness occurs much
more often than we imagine. A recent well-done meta-analysis on
IFT concluded that standard GA regimens, with inhaled or intrave-
nous anesthetics, are not able to avoid events of intraoperative
consciousness [18]. The discrepancy between intraoperative events
of consciousness and lack in postoperative reports is a topic of
paramount importance; probably, it is related to the anesthetics
functioning and their different effects on consciousness mechan-
isms and memory processing. From a mechanistic point of view, not
only awareness but also wakefulness can be interpreted as examples
of anesthesia failure. A fascinating hypothesis for addressing the
issue of awakening during GA postulated the “dysanesthesia”
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phenomenon. This term encompasses states of mind that can arise
in the course of anesthesia, featuring an uncoupling of sensation
and perceptual experience. In other words, individuals in this state
can be aware of events but in a neutral way, and dissociated from the
experiences [19]. The impact of memory on this condition is
difficult to understand. Nevertheless, wakefulness and awareness
must be addressed as distinct phenomena when the difference relies
on the role of the “variable” memory.

The GAA phenomenon encompasses two subgroups with pro-
found differences in terms of incidence, clinical features, and mech-
anism. These subtypes are the anesthesia awareness with recall and
the awareness without explicit recall. The distinctive element lies in
the type of underlying memory that has been activated. The aware-
ness with recall allows activation of the declarative, or explicit,
memory, whereas the nondeclarative, or implicit, memory is impli-
cated in the genesis of the awareness without conscious content.
The neural correlates and mechanisms of implicit memory ditfer
from those of explicit memory. Implicit memory, indeed, is often
preserved after brain damage or experimental manipulations that
abolish conscious recall. Also, anesthesia has a different impact on
the two forms of memory.

Concerning memory and awareness, patients may be able or not, to
report (spontaneously or after questioning) on anesthesia emer-
gence, or subsequently, the type of experience lived during anes-
thesia. When patients can recall the unexpected experience, it is
appropriate to refer to the anesthesin awareness with vecall durving
general anesthesia (AAWR) phenomenon. It is a GAA subgroup
defined as the unintended experience of intraoperative sensory
perceptions and its explicit recall after the end of surgery [20]. Spe-
cifically, these unexpected and unwanted experiences can regard
hearing sounds, pain, and immobility, sometimes together with
extreme anxiety and distress because of the inability to communi-
cate (e.g., due to paralysis induced by NMBAs). The recalling of
these experiences can be reported at the emergence from anesthe-
sia, in the recovery room, or several days/months later.

Each episode of AAWR is an example of declarative, or explicit, long-
term memory referred to the conscious intentional recollection of
factual information, previous experiences, and concepts [21]. These
explicit memories (“knowing what”) include autobiographical mem-
ories from specific events (episodic memory), as well as general facts
and information (semantic memory), and are encoded by the hippo-
campus (especially the episodic memory), entorhinal cortex and peri-
rhinal cortex (within the medial temporal lobe of the brain and
transferred from hippocampus), but are consolidated and stored in
the temporal cortex. The amygdala is also involved as it attaches
emotional significance to memories and, in turn, can modify or
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2.2 Awareness
Without Explicit Recall

2.2.1 Nondeclarative, or
Implicit, or Unconscious
Memory

form new bits of memory, specifically related to fear and anxiety.
Probably, the mechanism of PTSD follows this way [22].

For explaining the discrepancy between IA occurrence and lack
of postsurgical recall we must assume that consciousness and mem-
ory are separate cognitive processes. Referring to the general anes-
thetics mechanism, the doses required for unconsciousness are
generally higher than those required for amnesia [23]. Moreover,
other factors should be considered for explaining the limited recall
despite a higher number of IA. Type of sensorial perception, emo-
tional content (and distress) and exposure time (i.e., time of awak-
ening) are significant factors for inducing and completing the
consolidation process. Hearing a conversation during surgery cre-
ates discomfort for the patient, but the feeling of paralysis is cer-
tainly a serious factor of distress. Therefore, the sensations
associated with an intense and unpleasant emotional content are
definitely more likely to overcome the filters imposed on consolida-
tion and to induce more serious sequelae. The aspect linked to
motivation and intensity of sensation is of great importance. Not
by chance, in fact, what is most remembered correlates with the
most unpleasant experiences, but also with those full of positive
contents. Again, the repetitiveness of the experiences (e.g., several
episodes of intraoperative wakefulness) is another facilitating factor
(memory training). Concerning time of exposure to the event,
previous studies indicated that despite short time IA events likely
cannot induce memory consolidation, wakefulness phases lasting
more than 30 s could increase the risk of GAA [24, 25]. Thus,
memory processing under (and after anesthesia) depends on a series
of variables that are responsible for encoding and storing the event,
but also for the characterization of the related recall.

Acquisitions from the basic and clinical research on memory
must necessarily be translated into the study of the GAA phenom-
ena. For example, recent findings suggested that consolidation is
not a static and unidirectional process as a stabilized memory can
return to a labile state and, in turn, can undergo a subsequent
consolidation phase, called reconsolidation [26]. In this view, the
recall is an expression of repeated processes of consolidation and
reconsolidation and each reconsolidation phase may be altered by
several types of interference, including behavioral, psychological,
and pharmacological.

The awareness without explicit recall (AWER) represents the other
awareness subtype. To understand its assumptions it is necessary to
refer to basic concepts of implicit long-term memory processing.

Within the long-term memories, the counterpart of the declarative
memory is the nondeclarative one, or implicit memory, or uncon-
scious memory. It is a set of procedural memories (“knowing how”)
which includes the unconscious memory of skills and how to do
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things (e.g., the use of objects or movements of the body). These
memories are typically acquired through repetition and practice,
and are composed of automatic sensorimotor behaviors that are so
deeply embedded that we are no longer aware of them. Probably,
this type of memory can also influence decision-making [27]. In
neuroanatomical terms, implicit memory relies on the putamen,
caudate nucleus, motor cortex, and cerebellum involved in motor
control. Basal ganglia encode and stores emotions, rewards, habits,
movement, and learning with special regard to the elaboration of
sequences of motor activity useful, for example, for playing a sport
or for playing a musical instrument.

According to Robert Veselis, the implicit memory represents a
“hidden” memory, memories that exist, but that we do not know we
possess [28]. Although we are not aware of their existence, these
memories characterize our performance, skills, knowledge, and
behavior. They work through the priming mechanism. If memory
is intended as a network of nodes representing different pieces of
information, the simplest form of learning is the temporary activa-
tion of a single node (e.g., one or more words). This element
(priming) represents the perceptive trigger (i.e., perceptual
priming) because it facilitates subsequent learning (e.g., a whole
sentence). Learning notions related to the initial node is known as
conceptual priming as it promotes the perception of, or responding
with, conceptually related information. Conceptual priming is
based on the meaning of a stimulus and is enhanced by semantic
tasks. For instance, “patient,” will show priming effects on “hospi-
tal,” as the two words belong to the same category.

Experimentally, through the “positive” priming the subject is
first exposed to a brief, or degraded, stimulus (e.g., few words) and
after an interval ranging from minutes to months, the participant is
then exposed to an incomplete stimulus, such as a word fragment,
and is asked to recognize or identify it. If the previous exposure to
the prime facilitates the identification of the stimulus and the
completion of the task, then the subject must have some implicit
memory for it. Thus, the positive priming is a mechanism of the
implicit memory in which exposure to one stimulus influences a
response to a subsequent stimulus, without conscious guidance, or
intention, through perceptual (format of the stimulus), semantic
(linguistic meaning of the stimulus), or conceptual (structural
meaning of a stimulus) associations. In addition to the positive
priming system, the implicit memory works also through “nega-
tive” priming. Because this mechanism operates a selection of
information, removing “distracting elements” during the memory
processing, it represents a strategy by which inhibitory control is
applied to cognition [29]. Priming approaches are used to train a
subject’s memory both in positive and negative ways (i.e., positive
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2.2.2 Implicit Memory
During Anesthesia

and negative primings), for instance in elderly or in those with
different degrees of cognitive impairment [30].

During anesthesia, the IFT is a suitable approach for investigating
on the implicit memory and for assessing consciousness of the
external world (connected consciousness). In particular, conscious-
ness is investigated through behavioral reports rather than the
search of explicit postoperative recalls of events. In other words,
IFT offers real-time information about the presence of conscious-
ness, by opening a window on consciousness while the patient is
“apparently” unconscious [31]. The method is usually performed
by putting a cuft on the patient’s arm before the administering of
the NMBA, so that the patient is able to move the arm in response
to a verbal command, if aware. Because subjects need to be aware of
their sensory environment to hear the command, a response indi-
cates intraoperative consciousness of sensory stimuli.

In anesthetized patients, the priming-induced memory explains
the awareness without explicit recall (AWER) phenomenon, which
represents the other GAA subtype. As previously explained,
priming expresses features of the implicit learning. Because it influ-
ences performances (procedural memory) and can affect thoughts,
and behaviors, patients who processed implicit memory may
express inexplicable changes in performances or behaviors without
a conscious memory content.

Of note, while conceptual priming is prevented by adequate
anesthesia, perceptual priming (e.g., enhanced word stem comple-
tion performance) seems to be preserved even during deep anes-
thesia [32]. Regardless of the precise mechanism of priming and the
impact of anesthesia on implicit memorization, the AWER seems to
be frequently detectable. In early studies on IFT during AG for
caesarean section, Tunstall and Sheikh [33] found that approxi-
mately the half of patients studied responded to a command
2-5 min after the induction of GA, whereas King et al. [34]
demonstrated that 97% of patients had a positive response after
skin incision although in both investigations none of these
women had explicit recall of the episode. Furthermore, Sanders
et al. [35] analyzed the data from the huge number of studies on
the subject and showed that the incidence of AWER is significantly
higher than that of awareness with a conscious recall. However,
because these data have been collected on the basis of IFT-related
responses (wakefulness), and not all these events undergo memory
processing, they are not very indicative of the real extent of the
problem. More scientifically accurate data come from IFT-based
research performed by priming procedure and investigating on the
unconscious memory and its processing. The priming procedure,
indeed, indicates that a positive result after completing the testing is
suggestive of memory consolidation process under anesthesia with-
out any type of recall [36]. Interestingly, a great number of
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experiments in the field proved that the mechanism of anesthesia-
related memorization and learning is very efficient, even during
deep anesthesia [36-38]. For example, in 1992, Jelicic et al. [39]
reported that patients under anesthesia who were continuously
hearing (via headphones) with statements about common facts of
some previously, were postoperatively able of correctly answering
more questions, compared with control (p < 0.005), and, in turn,
demonstrated the activation of preexisting knowledge and priming.
In the same experiment, other individuals received “new informa-
tion” such as the names of nonfamous people. These patients
designated more “nonfamous names” as famous (thus falsely attri-
buting fame) than patients in the control group ( p < 0.001), which
demonstrates that information-processing during anesthesia can
also take place as unconscious learning. Other investigations proved
that post-surgery, subject asked to fill unfinished words were capa-
ble of filling the gaps with the words they were hearing intraopera-
tively without being able to recall hearing them. This process,
however, must be separated by the process of intraoperatively posi-
tive suggestions which might have the potential to encourage well-
being and recovery of patients, as it does not provide acquisition of
new information [40].

By summarizing, not all episodes of intraoperative awakening
follow the pathways of memory consolidation. On the other side,
consolidated unexpected experiences can be expressed as explicit-
spontaneous or induced reports. The pathway of the declarative, or
explicit memory, configures the AAWR phenomena. Alternatively,
the intraoperative experience can be expressed through inexplicable
changes in behaviors or performances despite the absence of con-
scious memory content (nondeclarative or implicit memory). This
latter configures the AWER event. The two GAA subtypes repre-
sent different neurobiological processes.

The matter of memory formation and storage, as well as the inter-
ference of anesthetics (and other drugs during anesthesia) with
these mechanisms is extremely complex to dissect. By simplifying,
these interferences may affect working and long-term memory
processes. Research highlighted that propofol induces anterograde
amnesia by interfering on the episodic memory system which oper-
ates the memory processing [41]. Of note, Veselis et al. [23]
demonstrated that low doses propofol (e.g., during sedation) did
not impair encoding or working memory but prevented retention
of material in long-term memory. On the contrary, excessive seda-
tion, and a surgical anesthesia, may also impair working memory.
Because the range of drug doses which induce memory impairment
during sedation is difficult to ascertain, the same authors proved
[42], in volunteer participants, that a continuous infusion of pro-
pofol (0.9 pg/ml), and midazolam (40 ng/ml) affected long-term,
but not working memory. The neural correlates of these actions are
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not well understood, so far. Although encoding of memory tasks
(e.g., verbal inputs) mainly involves the left inferior prefrontal
cortex [43], propofol-induced amnesia is not linked to a failure of
memory encoding in this cortical area [23]. Again, as demonstrated
by Pryor et al. [44], this injected anesthetic did involve the amyg-
dalar activation. Thus, depending on the doses, a propofol regimen
could strengthen the amnesia; nevertheless, it does not completely
protect against the memorization of any emotional components
perceived during an inadequate anesthesia status. On the other
hand, Deeprose et al. [45] previously proved that intraoperative
stimulation (through headphones) facilitated learning during anes-
thesia, independently on anesthetic depth. It is a further proof of
the efficacy of implicit memory, as well as that implicit memory and
explicit memory are differently affected during anesthesia.

Thiopental and methohexital are ultra-short-acting barbitu-
rates used to induce and maintain anesthesia. These drugs have
poor amnesic action. An old fascinating study showed that thiopen-
tal has mild memory effects compared with propofol and benzo-
diazepines (BDZs) [46]. Nevertheless, a clinical study showed no
clinically significant differences in amnesia compared with propofol
[47]. Administration of etomidate is used for rapid sequence intu-
bation and induces amnesia. Concerning mechanisms, Zarnowska
et al. [48] demonstrated, in mice, that the amnesic effect of etomi-
date works through long-term potentiation inhibition and is
mediated by the Gamma-Aminobutyric Acid A receptor (GABA4R)
that contains the extrasynaptic alpha5 subunit. These data confirm
the results of a previous study in which was well demonstrated that
GABAsRs mediate amnesic but not sedative, or hypnotic, effects of
etomidate [49]. Taken together, these studies offered the interest-
ing possibility of investigating the anesthetics effects on different
cognitive functions (memory and consciousness).

Ketamine is a dissociative anesthetic with several pharmacody-
namic properties as it can be administrated to induce anesthesia,
sedation, and analgesic aims. The cellular mechanisms for its amne-
sic proprieties are not clear although preclinical studies (in human
sympathetic ganglion-like SH-SY5Y cells) postulated that amnesia
is due to the inhibition of 42 nicotinic acetylcholine receptor
[50, 51], which modulates the synaptic release of neurotransmitters
in the hippocampus. The N-methyl-p-aspartate (NMDA) receptors
are implicated in memory formation. In vivo investigations in rats
showed that ketamine induced anterograde and retrograde amnesia
via blocking the NMDA receptors, in a dose-dependent manner
[52]. Finally, some researchers have emphasized that the glycogen
synthase kinase (GSK) 3p/p-catenin signaling—a pathway that reg-
ulates transcription of genes important for synaptic plasticity and
memory [53]—may play a role in ketamine-induced retrograde
amnesia [54].
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Inhalational anesthetics of significant clinical interest include
volatile anesthetic agents such as halothane, isoflurane, sevoflurane,
and desflurane, as well as certain anesthetic gases, such as nitrous
oxide (NO) and xenon. These anesthetics may impair learning and
memory at concentrations that are subhypnotic and thus lower
than the concentration required for anesthesia [55]. Of note, it
seems that volatile anesthetics are able to impair the hippocampus-
dependent learning [56]. The hippocampal 6-rhythm is a promi-
nent network activity featuring synchronized oscillation at
4-12 Hz. This rhythm is implicated in memory processing through
activation of plasticity and inter-regional signal integration [57]. At
surgical levels of anesthesia isoflurane, halothane and NO have
amnesic proprieties, maybe interfering on this hippocampal activity
[58]. Xenon is a rare gas belonging to the noble gases of the
periodic table with anesthetic properties mostly due to the non-
competitive inhibition of NMDA receptors [59]. According to
Haseneder et al. [60], xenon could have a significant amnesic effect.
In a study using murine brain slices, they reported inhibition of
both NMDA and quisqualate receptors in amygdalan neurons.
These findings suggest the role of this gas on the modulation of
emotional components of memory.

Compounds included in the class of BDZs present sedative,
hypnotic, anxiolytic, anticonvulsant, and muscle relaxant properties
by acting on the GABA system at the GABA4 receptor. For these
actions, these drugs can be used for sedation before or after surgery,
as well as to induce and maintain anesthesia. The BDZs used in
clinical anesthesia are the agonists midazolam, diazepam, alprazo-
lam, and lorazepam and the antagonist flumazenil, the latter used in
reversing BDZ eftects. Midazolam is the most commonly prescribed
by the anesthesiologists because of its strong sedative actions and
fast recovery time, as well as its water solubility, which reduces pain
upon injection. The amnestic effects of the BDZs have been exten-
sively studied [61, 62] (see also paragraph 9. Prevention).

3 Incidence. The Challenge of Awareness Detection

While GAA is a rare complication, it is difficult to refer to well-
established epidemiologic data because the reported incidence
strongly depends on the method of detection. For instance, it has
been demonstrated a different incidence within the same sample,
depending on the methods of postoperative assessment [63]. Thus,
the literature offers contradictory data on its real occurrence. Early
investigations reported an incidence of AAWR ~1 to 2 per 1000
operations involving GA (0.1-0.2%) [64]. On the other side, data
from the fifth National Audit Project from Great Britain (NAP5),
evaluated in more than 2.7 million cases, reported an incidence of
AAWR of only 1:19,600 (0.005%), that is 20 times less than
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previously reported [65]. Some authors have criticized the results
because of the methodology of data collection (spontaneous com-
plaints /reports of awareness), especially about the absence of
structured interviews that may have underestimated the real inci-
dence of awareness [66]. Again, because as stated by Robert Veselis
[28], “memory is a behavior” since it requires a behavioral output
once the “victim” has decided to report an experience, several
factors may influence whether or not patients will decide to, and
indeed recall their experiences, either prompted or
spontaneously [67].

Subsequently, the SNAP-1 study, designed to evaluate patient-
reported outcomes after anesthesia in the UK, confirmed findings
from early studies. By using the modified Brice questionnaire the
authors found an incidence of 0.12% (1:800) [68]. Other studies,
conducted through postoperative interview, confirmed an inci-
dence ranging from 0.1% to 0.2% [69-71]. Thus, we can assume
that the complication occurs in about one or two out of every 1000
surgeries.

Despite limitations related to the retrospective analysis and the
absence of specific tools for direct awareness detection, in patient
underwent surgery for cancer disease and routinely assessed by the
team of the psycho oncology service we detected an incidence of
1:10,550 (0.0095%). The issue of awareness occurrence emerged
during the psychological evaluation and then was recorded in the
chart [72].

Studies conducted by using the IFT suggested that the inci-
dence of wakefulness (connected consciousness) may approach up
to 40% of patients [73]. More recently, Sanders et al. [74] showed,
through the ConsCIOUS-1 study, an incidence of IFT responsive-
ness around the time of intubation of 4.6%. Interestingly, no par-
ticipant referred explicit recall of intraoperative events when
questioned after surgery. Despite the exact incidence of implicit
recall is difficult to obtain, the occurrence of AWER (i.e., implicit
memory) has been indicated to be significantly higher than the
incidence of AAWR (i.e., explicit recall) [75].

In children, the incidence of AAWR after general anesthesia is
slightly higher. According to the Davidson et al.’s studies, it may
range from 0.2% to 1.2% [76, 77]. Approximately 70% of cases
occur at induction or emergence from anesthesia [78]. Clinical
characteristics are extremely variable and approximately 50% of
experiences are distressing. However, it seems that compared to
adults, there are fewer psychological effects and complications
[79]. Nevertheless, the interpretation of the data must be done
with great accuracy due to the potential bias related to develop-
mental factors and efficacy of postoperative interviews.

Concerning incidence related to different anesthesia
approaches, in a retrospective analysis, the authors showed that
the incidence of AAWR was not statistically different in patients
receiving general anesthesia compared with those underwent
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sedation [80]. However, data from the Anesthesia Awareness Reg-
istry [81] and the NAPS5 indicated that the occurrence of awareness
in patients receiving sedation can be associated with long-term
psychological consequences [65].

4 C(Clinical Features

The patient’s experiences reported after the intervention are very
disparate. The majority of patients report hearing voices during the
surgery without feeling anything else. Although reports are usually
vague, certain patients are able to remember the detailed moment
of surgery or the surroundings such as whole conversations in the
theatre. In other cases, they describe tactile sensation such as surgi-
cal manipulation or endotracheal tube insertion, or feeling of pres-
sure. Painful sensations are also described (e.g., sore throat due to
the endotracheal tube or pain at the incision site) in about 10% of
patients [82], although the larger part of patients who experience
awareness generally does not feel pain. When recalled, pain is
occasionally described as severe. The immobilization experiences
during the intervention are much more complex; these experiences
are frequently associated with a profound discomfort of the patient.
Patients can report that they felt buried alive, unable to communi-
cate and imprisoned in their bodies. Distressing experiences of air
hunger and difficult breathing until a sense of suffocation, complete
the clinical picture of the awareness with paralysis. Again, distress
can be also associated with less complex experience (e.g., tactile or
hearing sensations).

Approximately one-third of patients with awareness report dis-
comfort. The occurrence of anxiety and distress during an episode
of awareness has a paramount clinical impact. Lennmarken et al.
[83], demonstrated that all the patients who were still severely
disabled due to psychiatric/psychological manifestations after
2 years from the GAA experienced severe discomfort. These psy-
chological manifestations can be expressed as anxiety, depression,
intrusive thoughts, flashbacks, recurrent dreams or nightmares,
avoidance of stimuli associated with the trauma, sleep disturbance
(e.g., insomnia), exaggerated startle response, hypervigilance, as
well as a permanent aversion to surgery and anesthesia. Symptoms
can be isolated or grouped into syndromes such as the PTSD (see
Vulser’s Chapter 5).

Concerning the duration of reports, sometimes patients are
quite precise about the duration of the phenomenon. Although
most experiences recalled were less than 5 min in duration, recalls
lasting the whole surgical procedure have been also described [84].
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5 Diagnosis and Classification

5.1 Diagnosis
of Awareness

The diagnosis of GAA may often represent a clinical challenge.
During anesthesia, it should be difficult to recognize a potential
episode of GAA, especially when NMBAs are used, and in absence
of'any depth of anesthesia (DoA) monitoring system. To this latter
regard, however, it is important to emphasize that, to date, there is
no system helpful to assess with extreme precision the exact level of
DoA [85]. Again, signs of cardiovascular activation (e.g., tachycar-
dia), respiratory problems (e.g., bronchospasm, decreased compli-
ance), and increased sympathetic tone as well as lacrimation, and
spontaneous movement may be indicative for the occurrence of
intraoperative awakening but not for awareness occurrence. More-
over, all these clinical manifestations can be masked by the use of
drugs such as p-blockers and NMBAs. Yet, antimuscarinic drugs
and opioids, as well as eye tape/ointment may mask pupillary
dilatation and reactivity to light.

Thus, the clinical signs must act as an alarm bell and induce the
search (and correction) of the cause of the inadequate anesthesia.
Early recognition of IA is likely to play a fundamental role in
avoiding consolidation. Furthermore, combined with the correc-
tion of its cause, theoretically, it may be possible to interfere with
the memory processing [86]. Interestingly, Timic¢ et al. [87],
showed, through in vivo experiments, the possibility of using
BDZs to interfere with retrograde memory. Previously, Semba
et al. [88], reported that midazolam (with propofol) may induce
retrograde amnesia by increasing serotonergic transmission. On
these bases, the American Society of Anesthesiologists (ASA)
recommended the intraoperative administration of BDZs to
patients who may have become conscious [89]. This approach is
also helpful for avoiding further anterograde acquisitions.

After the end of the surgery, the diagnosis is made on the
patient’s report. In some circumstances it may result difficult to
establish whether the patient’s story can be interpreted as a true
episode of AAWR. Vague reports or the description of situations
probably occurred in the immediate preoperative or postoperative
period (i.e., people talking, application of dressing) should be
carefully evaluated as these experiences do not represent AAWR
events [69].

Furthermore, awareness must not be confused with intraopera-
tive dreaming which represents a paraphysiological event in
the course of anesthesia and sedation [90], and probably influenced
by preoperative suggestions [90]. The occurrence of dreaming
during anesthesia is a well-known phenomenon; it has been
reported in up to 50% [91] in case of general anesthesia, and in
approximately 25% of individuals underwent sedation [92]. How-
ever, the exact correlation between dreaming and awareness is an
unsolved rebus, so far. The incidence of AAWR, for instance, is
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reported more commonly among patients who experienced a
dream during surgery [93].

A milestone for the diagnosis of awareness is the tool developed
by Brice et al. [94], and commonly termed as the “Brice’s ques-
tionnaire.” The tool was developed in the 1970 and its modified
versions are commonly used for research and clinical purposes. In
its original version, the interview encompassed five questions:
“What was the last thing you remembered happening before you
went to sleep?” “ What is the first thing you remember happening on
waking” “Did you dveam or have any other experiences whilst you
were asleep?” “What was the worst thing about your operation?”
“What was the next worst?”

A recall may not be expressed at the emergence but reported at
distance from the end of the intervention. As an extreme case, for
instance, it has been described a patient who recalled a specific
detail 5 years after the operation [95]. Thus, regardless of the test
used, several evaluations should be performed: at the emergence,
after 2448 h, 7-8 days and 1 month after surgery. As a conse-
quence, because suspicion of awareness occurrence can also derive
after the patient is discharged from the hospital, surgeon and
primary care physician should be vigilant in identifying the compli-
cation as well as potential early signs of a psychological discomfort.

About classification, based on the spectrum of clinical manifesta-
tions of the phenomenon, the Michigan instrument for awareness
detection is a useful tool that conjugates clinical features and sever-
ity of the event. The instrument considers 6 classes of events. In
particular, Class 0 is no awareness; Class 1 refers to isolated audi-
tory perceptions; Class 2 tactile perceptions; Class 3 are reports of
pain; Class 4 are episodes of paralysis such as inability to move,
speak, or breathe while conscious. Finally, Class 5 are severe epi-
sodes featuring the combination of paralysis and pain. An additional
designation of “D” for distress was also included for patient reports
of fear, anxiety, suffocation, sense of doom, sense of impending
death, or other explicit descriptions [96].

Later on, Wang et al. [97] proposed a classification of intrao-
perative cognitive states of consciousness and correlated them to
postoperative immediate or late (more than 1 month) complica-
tions. This approach included five intraoperative conscious states,
from a wakefulness with obliterated explicit and implicit memory,
to a wakefulness state with subsequent implicit memory, to a state
with implicit emotional memory, and finally, two states of con-
sciousness with explicit recall featured, or not, distress and/or
pain. Although the Wang’s approach is an interesting attempt to
correlate states of intraoperative consciousness, awareness type
(explicit/implicit), and postoperative psychological sequelae, the
correlation between consciousness, intraoperative memorization
and emotional responses in not linear and, in turn, depends on a
huge number of predictable and unpredictable factors.
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6 Risk Factors

6.1 Patient-Related
Risk Factors

6.1.1  Nonmodifiable
Patient-Related Risk
Factors

The risk of developing GAA is likely to be influenced by several risk
factors (Table 2). These risk factors can be grouped into patient-
related risk factors and non-patient-related risk factors.

Patient-related risk factors can be further divided into modifiable
and nonmodifiable risk factors. This nosographic approach can be
helptul for addressing the issue of GAA prevention.

Nonmodifiable conditions reported as consistent risk factors
include patient age, sex, and resistance or tolerance to general
anesthetics.

Concerning age, the NAP5 investigations identified a higher
incidence of awareness in patients aged between 25 and 45 years
[65]. This datum is universally accepted, as it is believed that young
subjects are more predisposed due to their better cognitive perfor-
mances. For instance, the Linassi et al. [ 18] meta-analysis showed

Table 2
Risk factors for general anesthesia awareness

Patient-related risk factors

Modifiable (when possible)
ASA physical status > IIT
Limited hemodynamic response
MAC increment conditions®

Nonmodifinble
Patient age (younger adults)
Female gender
Resistance (genetics)
Tolerance to general anesthetics®
Previous awareness

Non-patient—related risk fuctors
Anesthetic techniques (e.g., TIVA)
Junior anesthetists
Use of muscle relaxant drugs
Misuse of neuromuscular monitoring®
Type of surgical procedure
Organizational factors (out-of-hours operating)

MAC minimal alveolar concentration, ASA American Society of Anesthesiologists, TIVA
total intravenous anesthesia

*Modifiable risk factors: Hypercapnia, hyperthyroidism, hypertension. Nonmodifiable:
young age, pregnancy

"Due to drug induction mechanisms (e.g., opioids, benzodiazepines, cocaine)
“Especially for the occurrence of awareness at the emergence. Obstetric (especially
Caesarean section), cardiac surgery, thoracic surgery, emergencies
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that IFT-positive patients (connected consciousness) decreased sig-
nificantly with increasing age.

About potential gender differences, a retrospective analysis
based on reviewing clinical charts of over 60,000 surgical patients,
indicated that female patients were more likely to experience GAA
than males, although the difference was not statistically significant
[98]. These findings confirmed other previously reported data. In
particular, investigations reported that the awareness incidence can
be three times higher in women than in men [99]. On the other
side, an American study (# = 177,468) demonstrated that com-
pared to female patients the complication was two times higher in
male patients. Moreover, patients expected awareness were in older
age. Of note, the authors adopted a modified Brice’s tool and
reported a very low incidence (0.0068%) of awareness
[100]. Despite results from this latter study, epidemiological data
suggest that GAA may occur more frequently in female patients.
However, due to the heterogeneous methodology used in the
studies (e.g., self-reporting or interview), it is difficult to obtain
definite data on the role of sex, and the age for GAA susceptibility.

It seems that body weight and level of education are not risk
factors for the complication, as they were not found to be signifi-
cantly related to the awareness complication. However, obesity may
be associated with a higher risk for several reasons, such as the
possibility of prolonged time for endotracheal intubation, and
error in drug dosage [101].

Modifiable patient-related risk factors include clinical conditions
that may influence the patient’s status. For instance, because
patients presenting with high ASA physical status (>III) and
those admitted to intensive care unit (ICU) for postoperative care
are at significantly higher risk of awareness, improving clinical con-
ditions, when possible, can certainly reduce the risk of GAA, in
addition to the overall improvement in outcomes. A limited hemo-
dynamic reserve is another patient-related risk factor, although it is
not always possible to correct it, especially in the emergency setting.

Many factors may influence the response to the anesthetics. For
instance, minimal alveolar concentration (MAC) varies among and
even within individuals, and is dependent on age, genetics, and
temperature. Several factors are associated with an increment in
MAC including hypercapnia, hyperthyroidism, hypertension, as
well as the nonmodifiable factors young age and pregnancy.

A special issue concerns the tolerance and the resistance to
anesthetics which can explain the finding that in approximately
15% of cases the GAA occurrence has no easily recognizable cause
[102]. To simplify the topic, in this paper, the “tolerance” to
anesthetics is referred to acquired mechanisms inducing less drug
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effect. On the other side, the “resistance” to anesthetics indicates a
congenital less efficacy due to genetic conditions.

Patients at increased risk for awareness include those with a
history of substance use, or abuse (e.g., opioids, BDZs, ampheta-
mines, centrally acting drugs, and cocaine), and chronic pain
patients treated with high doses of opioids. Tobacco smoking,
heavy alcohol consumption, and centrally acting drugs (e.g., mono-
amine oxidase inhibitors, tricyclic antidepressants) are other exam-
ples of acquired tolerance to anesthetic agents. These substances act
by inducing the metabolism of inhaled anesthetics (but also BDZs
and opioids) through cytochrome P450 2E1 activation. Moreover,
in terms of awareness pathogenesis, the “tolerance” of anesthetics
includes several other acquired mechanisms other than those more
strictly implicated in the metabolic pathways. For instance, long-
term exposure to alcohol, or persistent seizures, may induce alter-
ation in hippocampal GABA subtype receptors (i.e., GABA4 slow),
implicated in memory blocking processes and responsive to the
anesthetic (e.g., etomidate) action. The impairment of this inhibi-
tory pathway may trigger memory consolidation under anesthesia
[103]. Finally, clinical conditions such as pyrexia and hyperthyroid-
ism may induce tolerance through metabolic activation.

Furthermore, a “physiological resistance” to anesthetic agents
has been also described. This innate, or genetic resistance, probably
acts through a pharmaco-induction mechanism and represents a
fascinating and poorly understood pharmacodynamic phenome-
non. Altered gene expression or function of target receptors of
anesthetics are mechanisms implicated in the postulated congenital
resistance to anesthetics. For instance, preclinical experimental
data, obtained from mutant analysis in Drosophila, showed that
numerous genes (e.g., encoding for second messengers, memory
formation substrates, ion channels, synaptic proteins) and related
isoforms are implicated in the normal response to anesthetics
[104]. Single or multiple mutations may probably underlie the
mechanism of resistance, even in humans.

Although Aranake et al. [105] demonstrated a fivefold
increased risk of intraoperative awareness in patients with a history
of' awareness, a previous event of GAA is not always a risk factor for
a new episode. Obviously, if the episode was linked to a human
error, or subsequent to an equipment problem, there is no increase
in risk. On the other hand, the risk may considerably increase in the
case of awareness due to resistance (or tolerance) to anesthetics.

Among patient-related risk factors, there are also the use of
B-blocker agents, and clinical conditions (e.g., diabetes) that may
mask responses to stimuli and clinical signs, indicative for light
anesthesia and unexpected awakening.
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6.2 Non- These risk factors are related to anesthetic techniques and drugs
Patient-Related Risk used, and type of surgical procedures.

Factors

6.2.1 Anesthetic Anesthesia with propofol-based and use of NMBAs during the
Techniques operation was associated with a significantly higher incidence of
and Medications GAA compared to volatile anesthetics and those received no muscle

relaxation, respectively. Rapid sequence induction, and misuse of
neuromuscular monitoring are other important anesthesia-related
risk factors.

The role of different methods of GA on awareness occurrence
has been the object of controversies. For instance, Morimoto et al.
[106] published results from a survey of 172 anesthesiologists who
had performed approximately 85,000 anesthetics in Japan, and
indicated that total intravenous anesthesia (TIVA) modality was
used in 88% of the patients who reported awareness complication.
However, the majority of the patients included in the survey
received inhaled agents. Despite these disputes, it seems that
TIVA is probably associated with a higher risk for GAA compared
with techniques based on the administration of inhaled general
anesthetics. For instance, the effects of TIVA on GAA incidence
were also investigated by Yu et al. [107]. They compared TIVA to
the anesthetic combination of intravenous and inhaled anesthesia
(CIIA) and found that the occurrence of awareness was significantly
higher in the TIVA group than that in the CIIA group (p = 0.29).
The matter of the correlation between anesthesia approach and the
GAA risk is a complex issue. It concerns the readable monitoring,
through biochemical parameters of efficacy, of the anesthetic work-
ing into the brain. In other words, it concerns the linkage between
pharmacokinetics and pharmacodynamics of anesthetics. Thus,
while the exhaled concentration of the anesthetic agents allows
real-time dose adjustments, blood concentrations of intravenous
agents are not ecasily obtained during TIVA. Perl et al. [108]
published, in 2009, an interesting paper on the determination of
serum propofol concentrations by breath analysis using ion mobil-
ity spectrometry. Although it could be a very useful strategy for
biochemical monitoring of intravenous anesthesia, further research
for a practical application is needed.

The most important risk factor is the use of NMBAs as muscle
paralysis removes one of the physiologic signs of patient awareness
which is the purposeful movement. The Ghoneim’s meta-analysis
demonstrated that up to 85% of the patients suffering from GAA
received muscle relaxants [109]. In a prospective case study con-
ducted on 11,780 patients, Sandin et al. [69 ] showed that the GAA
incidence was almost double in patients treated with NMBAs,
compared to those who did not receive muscle relaxants (0.1%).
Moreover, the occurrence of awareness in patients treated with
NMBAs was associated with anxiety and psychological sequelae.
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6.2.2 Types of Surgery
and Awareness Risk

Indeed, because complete paralysis worsens the psychological
trauma due to the awareness experience, the potential for long-
term psychological complications may be increased. The recent
NAP5 study confirmed a higher incidence of AAWR when
NMBA was administered (approximately 1 in 8200) [67]. While
this research investigated on the awareness with recall, the use of
NMBAs is also associated with a higher intraoperative implicit
memory (i.e., AWER) formation [110].

The use of NMBAs may also interfere with the readability of
brain monitoring devices. For instance, Nunes et al. [111] found
significant reductions in several indices of DoA, such as the entro-
pies (i.e., Response Entropy and State Entropy), and the Cerebral
State Index, in volunteers after the use of succinylcholine
[112]. Again, investigations conducted in awake volunteers who
did not receive any anesthetic demonstrated that low Bispectral
Index (BIS) values (suggestive for a surgical anesthesia status)
after administration of a dose of muscle relaxant [113]. Certainly,
avoiding NMBAs is an effective strategy to reduce awareness inci-
dence. To this regard, a recent study demonstrated a low incidence
of awareness in patients ventilated with a laryngeal mask under
spontaneous ventilation [98].

The misuse of neuromuscular monitoring is another important
risk factor for GAA, especially during emergence from anesthesia
[114, 115], especially in the case of butyrylcholinesterase deficiency
when succinylcholine or mivacurium are used [116]. Finally, par-
ticular approaches, such as the procedure of rapid sequence induc-
tion, have been associated with a high risk of awareness [65].

The type of surgery is a significant non-patient-related risk factor.
Compared to other surgical branches, obstetric (especially
Caesarean section), bariatric, cardiac, and thoracic surgeries are at
a higher risk of awareness. Furthermore, major traumas character-
ized by hypovolemia and hypotension are at higher risk for aware-
ness. Probably, in these settings it is more often possible to fall in
circumstances which it is judged unsafe to administer sufficient
anesthesia. Furthermore, in cardiac and thoracic surgeries muscle
relaxants are essential and many patients have other risks due to
their general health. Interventions that are carried out at night are
also indicated as at high risk for awareness [117].

7 Causes

The main cause of awareness is the anesthetic underdosing relative
to the patient’s specific requirements (Table 3). The insufficient
administration can be the consequence of several conditions such as
a dosage error (e.g., dosage miscalculation because of lack of
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Table 3
Gauses of general anesthesia awareness

Anesthetic underdosing
Primitive dosage error
Dosage errors in specific circumstances®
Underappreciated higher patient’s needs (acquired tolerance to
anesthetics)
Misunderstood higher patient’s needs (acquired resistance)®

Failures in the delivery of anesthesia due to equipment malfunctioning
Intravenous agents
Unseen intravenous disconnection
Extravasation
Mistakes with syringe drivers
Inhaled agents
Gas alarm malfunctioning
Mistakes with volatile delivery (e.g., failure to fill vaporizers)

Other causes
Distractions caused by another member of the staff

*For example, difficult airway management and intubation; for example, opioids, benzo-
diazepines, cocaine, centrally acting drugs, or metabolic clinical conditions (e.g., pyrexia)
®Genetic factors

understanding of offset times of medications) or technical pro-
blems (e.g., failure to fill vaporizers). The delivery of volatile anes-
thetics at a MAC indexed for ages value less than 0.8 can expose
patients to an increased risk of awareness occurrence, especially in
young subjects. However, it is not possible to refer to precise
dosages for general anesthetics that could be used to alert anesthe-
siologists for potentially insufficient anesthesia [ 118 ], whereas sev-
eral cofactors are often associated in the pathogenetic chain.
Sometimes, a specific patient’s needs are underappreciated. These
conditions include a congenital resistance to general anesthetics or
a misunderstood acquired tolerance to anesthetic agents.

A special issue and a frequent cause of awareness concern mis-
takes or failures in the delivery of anesthesia [72]. It should not be
surprising as a recent incidents report found a rate of drug admin-
istration error of approximately 7 procedures every 1000
GA (0.7%) [119]. Equipment malfunctioning falls in this group
and may regard the TIVA technique (e.g., infiltration of the intra-
venous catheter), or inhaled anesthesia (e.g., gas alarm
malfunctioning).

A difficult intubation is a well-recognized cause of awareness.
An increased occurrence of GAA has been described during pro-
longed intubation attempts, and as a complication of airway man-
agement failure [120]. Patients whose airways are difficult to
intubate (or manage) may develop awareness probably because
insufficient attention is done to ensuring adequate anesthesia.



24 Marco Cascella

8 Awareness Management

The report of an awareness episode must necessarily trigger a
precise management program that requires a multidisciplinary
approach through the involvement of several professionals
(Fig. 2). The first step is to gather as much information as possible
about the event. This phase is of considerable importance because it
allows excluding episodes that can confuse diagnosis such as dream-
ing or the memory of events immediately preceding or following
anesthesia. Nevertheless, the patient’s story must be accepted as a
genuine experience. At the same time, a root cause analysis involv-
ing anesthetists, nurses, surgeons, and other personnel in the the-
ater, must be performed. The details of recalled events (e.g.,
hearing conversations, feeling the incision) should be noted in the
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patient’s records. This information may be of great importance
should medicolegal issues arise.

Once the diagnosis has been established with certainty, the
detailed anamnesis allows characterizing the episode according to
one of the proposed classifications (e.g., the Michigan tool). The
patient’s experience must be taken seriously, and sympathy should
be manifested. Rejecting the veracity of the patient’s report could
get a worse psychological outcome. This doctor-patient approach
requires particular communication skills, often beyond the anesthe-
siologist’s skills. Thus, it would be also advisable to refer the patient
to reference centers, or at least to anesthesiologists and /or psychol-
ogists who are experts in the matter. Experts can help to identify the
presence of distress associated with the event, as a report with
contents of distress calls for early treatment. These cases, indeed,
require careful evaluation to avoid the development of serious
psychological sequelae.

The plan of action recommended by the NAP5 for dealing with
a report of GAA encompasses investigation on flashbacks, night-
mares, new anxiety states, and depression [65]. Even for this pur-
pose, the collaboration of a specialist psychologist or a psychiatrist is
suggested.

Each ascertained episode of awareness requires active follow-up
and must be treated through professional intervention and psycho-
logical support. Nevertheless, follow-up counseling must be also
offered in suspicious cases of awareness or when the diagnosis is
doubtful. Finally, changes in performances or behaviors, reported
by the patients themselves or through the surgeon, the general
practitioner, or the family, should be carefully addressed as they
may represent an expression of AWER occurrence.

9 Prevention

9.1 Preoperative
Strategies

Prophylactic interventions can be divided into preoperative and
intraoperative strategies (Table 4).

The milestone of awareness prevention is a careful attention to the
administration of anesthetic, avoiding underdosing during the
intraoperative course. Preoperative clinical assessment is fundamen-
tal and mandatory. In particular, it allows identifying high-risk
patients, including those with a history of drug abuse, or those
treated with central acting medications. This step also must include
a careful evaluation of other potential risk factors, including pre-
dictable difficulty in airway management. The ASA task force on
intraoperative awareness recommended informing high-risk
patients of the possibility of awareness as this strategy should not
increase the actual risk of the complication [89].
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9.2 Intraoperative
Strategies

Table 4
Prophylactic interventions

Preoperative strategies
Check of devices and instruments
Careful patient assessment for awareness risk
Information of high-risk patients

Intraoperative strategies
Check of devices and instruments
Set threshold alarms®
BDZ premedication in high-risk patients
Avoid anesthetics underdosing
MAC 0.8-1.3 for inhaled agents
Use curare with caution
Neuromuscular monitoring
Avoid nitrous oxide alone
Processed EEG devices for:
TIVA
High-risk patients
Maintain professionalism in the theatre
Use BDZ in case of awareness suspicious

Postoperative :tmtegie:b
Prophylactic interventions for avoiding sequelae

BDZs Benzodiazepines, MAC minimal alveolar concentration
*According to device manufacturer’s specifications
PAfter awareness diagnosis

Concerning premedication, according to the ASA guidelines,
the decision to administer BDZs should be made on a case-by-case
basis. Moreover, these drugs could be helpful in case of unexpected
intraoperative awakening [89]. On the other hand, attention must
be paid to the potential BDZs-induced triggering of postoperative
cognitive complications, such as postoperative delirium [121]. The
preoperative strategies must also include the check of all devices
(e.g., respirators, vaporizers, respiratory system, and infusion
pumps) used in the anesthetic procedure.

Anesthesia devices and instruments must be checked during the
surgical procedure. Furthermore, several suggestions regard the
anesthetic conduct in terms of anesthetics dosing, and monitoring.

About medications, it must be avoided anesthetic underdosing,
as it represents the main cause for awareness. In clinical circum-
stances featuring hemodynamic instability (e.g., hypotension) a safe
anesthetic conduct should be focused on the correction of the issue
(e.g., fluids or vasopressors) while maintaining the surgical DoA
status.

Concerning NMBAs, when used these medications must be
administered upon the guide of monitoring of the neuromuscular
function, maintaining T1 above 5% [122].
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Inhalation anesthetics must be administered via gas monitoring
(end-tidal anesthetic concentration, ETAC). In the course of inha-
lation anesthesia, ETAC expresses concentrations of anesthetics
which estimate their arterial blood partial pressure with acceptable
precision [123]. It shows the concentration of an inhalation agent
closed to the MAC value. For each inhaled agent administered, a
MAC 1 value describes the concentration required, at 1 atm ambi-
ent pressure, to prevent 50% of subjects moving in response to a
stimulus. Although this definition does not embrace awareness,
investigations proved that the MAC requirement for movement
suppression is usually higher than MAC for suppression of con-
sciousness (MAC-awake), or memory (MAC-amnesia) [124]. In
turn, inhaled agents should be administrated obtaining a MAC
never inferior to 0.8, which represents a postulated value of safety
margin. In his regard, a recent large-sized clinical trial (the
MEETS-PANDA study) [125] confirmed the results of previous
studies [ 126] and showed that the ETAC-guided anesthesia with a
MAC ranging at 0.7-1.3 was able to reduce the incidence of
awareness. Of note, NO must be never used as the only anesthetic
to perform anesthesia. On the other side, the administration of
intravenous agents must be performed, when possible, upon brain
monitoring guidance [65].

Description of functioning and features of processed
EEG-based devices falls out of the scope of this chapter (see
Chapter 2). Concerning their efficacy, DoA monitors did not rep-
resent a definitive solution for awareness prevention [ 127 ]. Further-
more, a recent Cochrane analysis concluded that the use of DoA
monitors did not reduce the risk of the complication, compared to
standard clinical and instrumental monitoring [128]. These results
support the recommendations from the ASA [65], the Australian
and New Zealand College of Anaesthetists (ANZCA) [129], and
the Association of Anaesthetists of Great Britain and Ireland [130]
which underlined that the decision to use DoA devices must be
made on a case-by-case basis by the individual practitioner for
selected patient such as those at higher risk and in case of total
intravenous anesthesia, and NMBAs use. This is an important
recommendation. For example, a Cochrane analysis demonstrated
that BIS may reduce the incidence of awareness by 75% in patients
at high risk [131]. DoA devices can be also helpful in particular
clinical settings, for instance in the case of patients undergoing deep
sedation [65, 90].

The standard clinical and instrumental monitoring is certainly
useful, but several factors limit (e.g., NMBAs or f-blocker agents)
their power to prevent awareness. Among the preventive strategies,
although the IFT is a proof of consciousness during anesthesia,
there is no evidence that these “experiences” correlate to a positive
memory processing leading, in turn, consolidation [18]. However,
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the approach is certainly helpful, as it is the only method to ascer-
tain consciousness during surgery.

In summary, the best strategy to prevent awareness seems to be
a dynamic — adaptable to the different phases of the intervention—
combination of elements. This optimal approach thus must com-
bine preoperative pathways for identifying patients at risk, with
intraoperative approaches based on careful administration of
drugs and clinical instrumental monitoring, including (in selected
cases) EEG-based brain monitoring. Finally, regardless of the type
of monitoring used, threshold alarms must be set following the
device manufacturer’s specifications.
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Impact of Anesthetics on Brain Electrical Activity
and Principles of pEEG-Based Monitoring During General
Anesthesia

Marco Cascella

Abstract

Starting from the first half of the nineteenth century, investigations proved that anesthetics are able to
induce significant modifications in the brain’s electrical activity and, in turn, in the recorded electroenceph-
alogram (EEG). The anesthesia-related electrical activity involves different EEG correlates. Stage of
anesthesia and type of anesthetics used influence EEG expression. Nevertheless, the complex waves of
unprocessed EEG may not be easily interpreted. Moreover, several issues obstacle the utilization of standard
EEG in anesthesia. These limitations stimulated the search for easy and solid techniques and tools. The
EEG raw signal has been sectioned to extract its core element and to simplify the interpretation of the huge
amount of data that it contains. Technically, the increased flexibility, speed, and economy of digital circuits,
as well as progress in computer hardware and signal-processing algorithms, induced radical changes in the
field of signal processing. This evolutionary process involved the application of mathematical models such as
the Fourier analysis and its improvement by the bispectral (BIS) analysis. Technical advances and algorithms
allowed to process the EEG raw (processing EEG, pEEG) and extrapolate values (indices) which express the
depth of anesthesia (DoA) status and other features (e.g., response to noxious stimuli). Apart from the
pEEG-based brain monitoring devices, other instruments work on acoustic evoked potentials. Because
many mathematical models are proprietary algorithms, it is usually problematic to precisely interpret
mechanisms underlying of DoA monitors.

After its commercialization, in 1994, the BIS analysis-based monitor was intended as the best instrument
to follow the cerebral activity during general anesthesia. The availability of this technology was enthusiasti-
cally considered as the discovery of the “Holy Grail” of anesthesia monitoring and the definitive solution of
one among the major concerns of anesthesia: the awareness phenomenon. After two decades of debates and
investigations in the field, the scientific community has understood that this is not completely true.

The aim of this chapter is to dissect the technology and functionality behind these monitors. Explanation
of functionality assumes the recognition of the functional mechanisms of anesthetics, specifically their
mechanisms of action, from the molecular level to neural correlates, responsible for the anesthetic-induced
unconsciousness, maintenance, and recovery of consciousness. Furthermore, concepts of neurophysiology
and anesthesia-related electrical activity are offered because they are the functional basis of the brain
monitoring devices. The chapter also addresses the limitations of DoA devices and perspectives in brain
monitoring.
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perative monitoring, Bispectral analysis, Depth of anesthesia, Brain monitoring

Marco Cascella (ed.), General Anesthesia Research, Neuromethods, vol. 150, https://doi.org/10.1007/978-1-4939-9891-3_2,
© Springer Science+Business Media, LLC, part of Springer Nature 2020

35


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-9891-3_2&domain=pdf

36 Marco Cascella

Abbreviations

AAGA Accidental awareness during general anesthesia
AE Anesthesia emergence

AEPs Acoustic evoked potentials

BAEDs Brainstem AEPs

BIS Bispectral

BS Burst suppression

CNS Central nervous system

CSI Cerebral state index

DoA Depth of anesthesia

DSA Density Spectral Array

ECoG Electrocorticogram

EEG Electroencephalogram

EMG Electromyography

ETAC End-tidal anesthetic concentration

FFT Fast Fourier transform

fMRI Functional magnetic resonance imaging
fNIRS Functional near-infrared spectroscopy
FT Fourier transform

GA General anesthesia

GABA y-Aminobutyric acid

hd-EEG  High-density electroencephalography
LLAEPs Long-latency AEPs

LoC Loss of consciousness

MAC Minimal alveolar concentration
MLAEPs Middle-latency AEDPs

NMBAs  Neuromuscular blocking agents
NMDA  N-methyl-p-aspartate

NO Nitrous oxide

pEEG Processed electroencephalogram.
PID Proportional-integral-derivative
POCD Postoperative cognitive dysfunction
POD Postoperative delirium

PSI Patient State Index

RE Response entropy

RoC Recovery of consciousness

SE State entropy

S-EEG Stereo-electroencephalography
SQI Signal quality index

SR Suppression ratio

1 Introduction

General anesthesia (GA) is a reversible, medically induced status
encompassing loss of consciousness (LoC) with hypnosis, amnesia,
analgesia, and mitigation of reflexes in the autonomic nervous



Brain Monitoring During Anesthesia 37

system. Pharmacological reversible neuromuscular blockade with
muscle relaxation is another feature of GA, although not always
indispensable. Despite important signs of progress in the knowl-
edge of the mechanisms of anesthetic functioning and dynamics of
anesthesia, many aspects of the matter must necessarily still be
elucidated [1]. Uncertainty still exists regarding the definition
and modality of evaluation of the right anesthesia status, which is
called “the surgical status.” For this aim, standard clinical monitor-
ing is usually mixed with strategies adopted for assessing the depth
of GA, or “depth of anesthesia” (DoA), which represents a contin-
uum of central nervous system (CNS) depression and decreased
responsiveness to stimuli, from the awake conditions to a deep
anesthesia status. In this context, the term “DoA monitoring” is
widely used for indicating instrumental modalities for assessing
unconsciousness in the course of anesthetics administration.

Apart from clinical evaluation, there are several modalities use-
ful for the DoA instrumental evaluation. Among these is the moni-
toring of the end-tidal anesthetic concentration (ETAC) of
inhalation agents performed through algorithms elaborated by
the anesthetic machine. The ETAC expresses concentrations of
anesthetics, which estimate their arterial blood partial pressure
with acceptable precision, and indicates the concentration of an
inhalation agent close to the minimal alveolar concentration
(MAC) value. For each inhaled agent administered, a MAC
1 value describes the concentration required, at 1 atm ambient
pressure, to prevent 50% of subjects moving in response to a
stimulus. MAC requirement for movement suppression is usually
higher than MAC for suppression of consciousness (MAC-awake)
or memory (MAC-amnesia).

In 1937, Gibbs et al. published a pioneering study entitled
“Effects on the Electroencephalogram of Certain Drugs Which Influ-
ence Nervous Activity” [2] and postulated that the potential role of
electroencephalogram (EEG) as a measure of the DoA. After
almost a century of research, nowadays technologies based on
processed electroencephalogram (pEEG) represent the main
approach adopted for DoA monitoring. Several commercial moni-
tors for evaluation of brain functioning—in terms of conscious-
ness/unconsciousness states—have been developed, and to date,
more than 10 devices are available for clinical use. They should
guide the administration of general anesthetics for avoiding com-
plications due to an inadequate anesthetic depth such as accidental
awareness during general anesthesia (AAGA), or at the other
extreme, issues related to an excessive anesthetic depth such as
delayed emergence, and postoperative delirium (POD) [3, 4]. Fur-
thermore, the association between postoperative cognitive dysfunc-
tion in elderly and DoA should be better investigated [5]. For
example, it has been demonstrated that patients who received
Bispectral (BIS)-guided anesthesia showed less postoperative
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cognitive impairment (i.e., postoperative cognitive dysfunction,
POCD), compared to those who received no-BIS-guided GA [6].

The aim of this chapter is to try to dissect the technology and
functionality behind these monitors. Because general anesthetics
induce EEG modifications, the functioning of DoA devices is
strictly correlated to the functional mechanisms of anesthetics,
namely the mechanisms of action of anesthetics, from the molecular
level to neural correlates of the anesthetic-induced unconscious-
ness. Furthermore, concepts of neurophysiology (e.g., principles of
EEG, and evoked potentials) and anesthesia-related electrical activ-
ity are offered for elucidating the dynamics of anesthesia but, above
all, because they are the functional bases of the brain monitoring
devices. Limitations of DoA devices and perspectives in brain mon-
itoring are also discussed.

2 Functional Mechanisms of Anesthetics

2.1 Induction
and Maintenance
of Anesthesia

Anesthesia-induced LoC and anesthesia emergence (AE) until
recovery of consciousness (RoC) are quite different processes
with, in part, distinct neurobiology. Both processes represent a
neurobiological example of “hysteresis” because a process (i.c.,
emergence) develops following a path that does not necessarily
coincide (in the opposite direction) with the path of the process
(i.e., induction) that generated it [7]. In other words, AE culmi-
nates in the awakening state by following different patterns from
those of the induction. Thus, AE’s neurobiological events should
not be easily considered as reverse processes of those occurring in
the induction stage of GA [8].

Induction and maintenance of GA are achieved through the admin-
istration of two categories of general anesthetics including intrave-
nous (or injected) agents and inhaled (or volatile) medications.
Among the former group, there are propofol, etomidate, midazo-
lam, thiopental, and ketamine. The group of inhaled drugs includes
different halogenated agents such as halothane, desflurane, isoflur-
ane, and sevoflurane, and the gasses nitrous oxide (NO), and
xenon. As a general scheme, because general anesthetic medications
are small and uncharged molecules, they are able to cross the
blood-brain barrier. At the molecular level, they interact with spe-
cific ion channels involved in synaptic transmission and membrane
potentials in several target CNS areas. Different ligand-gated ion
channels such as the Cys-loop nicotinic acetylcholine receptor, the
y-aminobutyric acid class A (GABA,) receptor, N-methyl-p-aspar-
tate (NMDA) subtype of glutamate receptor, and voltage-gated
channels including different voltage-gated sodium and potassium
channels, the tandem pore potassium channels, and nonspecific
cation channels (e.g., the thalamic “Ih” channel) are implicated.
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The binding of an anesthetic to one or more targets—depending
on channel types and conformations—induces alterations in neuro-
nal activities through neuronal hyperpolarization. The eftfect is an
expanded neural inhibition or decreased synaptic excitation [9].

This complex matter of the operating mechanism of anesthetics
can be explained by accepting that these agents are able to obstruct
with cortical and subcortical signals. This interaction induces, in
turn, changes in the functional /effective connectivity across brain
regions. In this regard, pieces of evidence suggested that during GA
alterations in functional and connectivity from different brain areas
(e.g., from frontal to parietal regions) occur [10]. Volatile agents,
for example, may impair frontal-posterior interactions by interfer-
ing with the gamma (20-60 Hz) oscillations. As proved in preclini-
cal in vivo investigations, this pattern has a key role in arousal and
maintenance of consciousness [11]. Furthermore, studies based on
high-density electroencephalography (hd-EEG)—a dense array
scalp EEG recording system widely used for research purposes—
demonstrated that propofol-induced LoC provokes an increase in
frontal delta power due to a cortical propagation of processes
arising from subcortical regions such as lateral sulci and cingulate
gyrus [12]. These slow-delta oscillations raise asynchronously for-
ward and across the cortex, inducing a functional disruption of the
connectivity between distinct cortical areas.

By summarizing, connectivity changes within separate brain
regions impact the DoA. In particular, loss of feedbacks between
the thalamus and the cortex could be the starting point for LoC.
Subsequently, alterations in the corticocortical functional connec-
tivity, and in the functioning of several brainstem nuclei (e.g., the
ventrolateral preoptic nucleus which operates as an on/off switch
on other brainstem nuclei and regulates natural sleep), as well as in
the connectivity between these nuclei and cerebral cortex, finalize
the process of anesthesia induction and stabilize the DoA.

The ending stage of anesthesia, indicated as AE, is characterized by
the transition from unconsciousness to complete wakefulness and
RoC. During this stage, processes responsible for LoC and anes-
thesia maintenance gradually reverse. Besides, specific awakening
processes switch on. These mechanisms include distinct ascending
arousal brain pathways, mainly involving the thalamus [13]
through the activation of voltage-gated potassium channels
[14]. Other structures such as the substantia nigra, ventral tegmen-
tal area, dorsal raphe, locus coeruleus, laterodorsal tegmental areas,
and hypothalamus (e.g., orexinergic neurons) are also implicated in
this active arousal process [4].
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3 Anesthesia-Related Electrical Activity

3.1 EEG Findings
During Induction
and Maintenance
of Anesthesia

The electrical brain’s response to anesthetics which is recorded with
scalp EEG is the cortical synaptic activity of both excitatory and
inhibitory postsynaptic potentials from cortical or thalamic neurons
[15]. EEG is a noninvasive modality commonly used for clinical
purposes and research. Other neurophysiological methods such as
the electrocorticogram (ECoG) which is the EEG measured
directly from the cortical surface, the stereo-EEG (S-EEG), namely
the EEG performed via depth probes, are applied in specific clinical
settings (e.g., S-EEG in epilepsy) or for preclinical in vivo research.
Furthermore, neurophysiological changes in the brain under GA
may be also investigated through a combination of EEG (including
hd-EEG methods) with brain activity measures such as functional
near-infrared spectroscopy (fNIRS) [16], and neuroimaging mod-
alities (e.g., functional magnetic resonance imaging, fMRI) [17], or
by combining EEG with electrodiagnostic methods, including elec-
tromyography (EMG) and evoked potentials [18].

Anesthesia-related electrical activity encompasses a huge number of
EEG patterns, mainly depending on the anesthesia stage (induc-
tion, maintenance, and emergence), and type of anesthetics. Before
induction, in the awake patient (with eyes closed) a prominent
alpha activity (8—12 Hz) which is maximal over parieto-occipital
scalp locations, is recorded. After inducing anesthesia, EEG pattern
features an increase in beta activity (13-30 Hz), until the LoC is
achieved [19]. During the maintenance phase of anesthesia, several
EEG patterns can be detected due to different anesthesia levels.
During light anesthesia, for instance, a decrease in EEG beta band
and an increase in both EEG alpha and delta activities (0—4 Hz) can
be recorded. Subsequently, as the anesthesia becomes deeper,
the beta activity decreases, and there is an increment in the delta
and alpha oscillations. Because the latter rhythm progressively loca-
lized anteriorly, this phenomenon is called “alpha anteriorization”
[20]. A further deepening of the anesthesia is electrically expressed
as an EEG pattern which encompasses flat periods electrical (sup-
pression) alternated with high amplitude alpha and beta electrical
activity (bursts). This characteristic EEG finding is known as burst
suppression (BS) and can show several patterns, depending on the
duration of suppression /burst phases. It can be also recognized in
deeper coma status due to various conditions including cerebral
anoxia, cancers, drug intoxications, encephalopathies, or hypother-
mia [21]. The anesthesia-induced BS is probably related to a state
of cortical hyperexcitability induced by lowered inhibition [22]. As
the anesthesia status further deepens, EEG shows a progressive
stretching between the alpha activities. The amplitudes of the
alpha and beta activities progressively decrease, and in turn, the
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EEG assumes isoelectric form. In this context, the deepest anesthe-
sia status has been reached [23].

This general scheme is particularly suitable for explaining the
dynamics of halogenated volatile anesthetics and the intravenous
propofol. On the contrary, opioids, and ketamine usually induce
less marked EEG modifications. Again, other injected agents show
a completely different trend. Early studies, indeed, proved that
etomidate and barbiturates induce a rapid shift toward the high
voltage delta and theta (4-7 Hz) rhythms [24].

3.2 EEG Findings Classically, during AE and RoC a loss in the delta activity combined

During Emergence with a progressive decrease in frontal alpha power and increased
higher frequencies can be detected [25]. Some electrical findings
can be similar in LoC and AE. Indeed, from ECoG-based investi-
gations emerged that slow oscillation in large-scale functional net-
works is maintained during both LoC and RoC stages [26].

Of note, the EEG pattern recorded during emergence can
manifest itself in different modalities. In this regard, Chander
et al. [27] described different AE sequences. At the beginning of
AE, they found in the majority of patients (95%) a pattern of high
power of alpha and beta bands and termed it as “Slow-Wave Anes-
thesia.” In the remaining 5% of patients, the authors recorded very
low spindles and delta power and called this EEG pattern “Non-
Slow-Wave Anesthesia.” Furthermore, they also showed that EEG
patterns vary between the start of emergence and RoC. On this
subject, four trajectories between the beginning of AE and the RoC
were indicated. More recently, Liang et al. [28] classified EEG
patterns during AE in sevoflurane anesthesia. Using an integrated
approach, achieved through a multivariate statistical model, they
characterized four modalities of emergence EEG patterns. It must
be emphasized that because some of these emergence modalities
are strictly age-related, these findings offer an interesting neuro-
physiological perspective for studying the correlation between AE
features and postoperative alterations of the neurocognitive trajec-
tory such as POD, and POCD. Probably, the occurrence of difter-
ent EEG features at the emergence is the effect of different degrees
of influence which the brainstem system exerts on cortical func-
tioning through the thalamus mediation [13].

4 Operating Principles of DoA Devices

Since the Gibbs’s studies in the first half of the nineteenth century,
clinicians have been aware that anesthetics can induce significant
modifications in the brain’s electrical activity and, in turn, in the
EEG. The overall dynamics of GA, indeed, inhibit higher cortical
functions, decreasing, in turn, neuronal firing, slowing the wave-
forms and enhancing its synchrony.
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4.1 The Technical

Evolution of the Raw
EEG Analysis: Fourier
Analysis and Indices

In spite of that finding, the complex waves of raw EEG (unpro-
cessed EEG) may not be easily interpreted. Thus, several issues have
limited the application of standard EEG monitoring to anesthesia.
Among these issues, EEG does not modify in a linear or monotonic
manner with changing anesthetic status. Yet, as previously dis-
cussed, not all anesthetic agents produce similar EEG patterns.
Thus, the interpretation of raw EEG requires skills that anesthesiol-
ogists cannot have [29].

These limitations stimulated the search for simple and reliable
techniques and tools useful for brain monitoring in the theatre. The
complex EEG signal has been progressively dissected for extracting
its core component, and important advances have been achieved
concerning the interpretation of the huge amount of information
that the raw signal contains. Technically, the increased speed, flexi-
bility, and economy of digital circuits, as well as signs of progress in
computer hardware and signal processing combined with algo-
rithms designing induced revolutionary changes in the field of
EEG processing. Technologies allowed to compress, simplity, and
display different “processed” summaries of EEG data (pEEG).
Consequently, many of these algorithms have been applied in com-
mercially available DoA devices. However, because many mathe-
matical models are proprietary algorithms, it is often difficult to
precisely understand the mechanisms underlying of DoA monitors.
The basic functioning of DoA devices consists of the recording of
limited EEG activity from forehead electrodes and subsequent real-
time processing of raw EEG signals through complex algorithms.

A paramount step forward the development of DoA devices was the
signal digitization of the unprocessed EEG. The digital signal,
indeed, can represent discrete points in the time at which values
are derived by a fixed, rather than continuous, resolution. In other
words, digital signals are quantized in time, whereas analogic sig-
nals vary smoothly from moment to moment. On the other side,
the process of analog-to-digital translation may involve a loss of
fidelity in the resulting digital signal. Thus, for accurate data pro-
cessing, it is essential to transform the whole EEG spectrum. One
of the mathematical models used for this purpose is the Fourier
analysis (or Fourier transform, FT) [30]. This process operates the
so-called power spectrum analysis, as it decomposes the EEG time
series into a voltage-by-frequency spectral graph commonly called
“power spectrum,” with “power” being the square of the EEG
magnitude, and magnitude being the integral average of the ampli-
tude of the EEG signal, measured from (+) peak to (—) peak, across
the time or epoch sampled. The epoch length determines the
frequency resolution of the Fourier, with a 1-s epoch providing a
1 Hz resolution (£0.5 Hz resolution), and a 4-s epoch providing a
V4 Hz, or £0.125 Hz, resolution.
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In mathematical terms, the Fourier analysis can transform a set
of signal values x(z;) sampled at time moments to within a signal
sample into a set of an equal number of complex values X( f;)
corresponding to a set of frequencies f;:

X (fi) = Y _wlra)e 2

This formula allows for generating frequency spectrum X( f;),
which is simply a histogram of amplitudes or phase angles as a
function of the frequency of the signal x(%;).

For explaining this complex transformation, a practical example
is commonly used. The concept, indeed, may be explained by
referring to the effect of a white light that crosses through a glass
prism, thus creating a rainbow (i.e., the spectrum). Each color of
light corresponds to a single frequency photon, and the relative
brightness of the colors is a measure of the energy amplitude at each
frequency. Each measured signal, such as the spectral components
X( f;), transformed by the FT into the frequency domain will have
both an amplitude and a phase component for each harmonic
frequency.

Because this basilar approach to the elaboration of the data
(e.g., the raw signal) is laborious, processing of the Fourier series
is commonly performed through specific mathematical strategies,
such as the Fast FT (FFT) algorithms (e.g., the Cooley-Tukey
algorithm) which decompose a sequence of values (e.g., space and
time) into components of different frequencies [31, 32].

As a subsequent evolutionary step, the FT was improved by the
bispectrum measures. This process is termed as BIS analysis. While
the algorithms of FT performs the processing of the phase of
component frequencies relative to the start of the epoch, BIS
analyses allow for phase correlation between different frequency
components. Furthermore, the BIS analysis has several additional
features that may be advantageous for processing EEG signals. For
example, it enhances the signal by limiting sources of noise.

Technically, the bispectrum quantifies the relationships among
the underlying sinusoidal components of the EEG and examines
the relationship between the sinusoids at two primary frequencies,
f1 and f5, and a modulation component at the frequency fi + f3.
This set of three frequency components ( fi, f3, and f] + f5) config-
ures the triplet. For each triplet of the bispectrum, the analysis can
precisely calculate the amount incorporating both phase and power
information. Thus, the bispectrum can be also intended as a statistic
approach used to obtain evidence of nonlinear interactions in irreg-
ular signals.

Based on these assumptions, all commercial DoA devises work
analyzing and quantifying spontaneous (or elicited signals in case of
evoked potential based devices) raw EEG data using mathematical
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methods. Specific algorithms allow obtaining several indices helpful
for easier reading of the anesthesia status. These dimensionless
indices are constructed, abstract quantities not directly linked to
any physiological parameter. Among their other features, they are
characterized by inherent time delays, consistent with the proces-
sing time, and the calculation and removal, through specific algo-
rithms, of certain artifacts.

5 Depth of Anesthesia Monitors

5.1 Bispectral
Index™ (BIS™)
Monitor

In 1994, Sigl and Chamoun [33] firstly described the use of the BIS
technology for the purpose of brain monitoring. Their BIS system
(Bispectral Index™ (BIS™), Medtronic, UK) was a real revolution
in anesthesia. It was a very easy-to-use device that provided a
noninvasive adhesive sensor, a patient interface cable, a digital
signal converter, and a monitor with the microprocessor. This
microprocessor elaborates the amount of EEG data from a single
EEG channel signal. EEG is obtained from the patient’s forehead
according to an algorithm that combines select EEG features for
producing a single dimensionless number, which is the “BIS
Index.” This value may range from 0 (equivalent to EEG silence)
to 100. An index value between 40 and 60 indicates an appropriate
level for GA with a low probability of consciousness. The technol-
ogy was also available as an external module adaptable to other
manufacturers’ monitoring systems.

Researchers have wondered what was behind this technology.
Although the BIS algorithm is not publicly available, it has been
shared that this value is a statistically based (and empirically derived)
complex parameter equivalent to the weighted sum of several EEG
subparameters, including a time domain, a frequency domain, and
several high-order spectral subparameters [34].

In addition to the BIS Index (value), the device displays other
data, such as the BIS trend, which is a graphic representation of BIS
Index values over time, the signal quality index (SQI) bar, and the
suppression ratio (SR). While SQI measures the reliability of the
signal (a higher SQI number indicates more reliable BIS values),
the SR number is the percentage of time over the last 63-s during
which the EEG signal was suppressed (flat-lined). The monitor also
displays a single-channel EEG waveform and an EMG bar graph,
which, similar to the SQI, is used to help determine whether the
BIS index values are reliable.

The BIS monitor was the first EEG-based DoA monitor and
remains the most widely used system for assessing the brain moni-
toring of GA. The technology has been progressively improved. For
instance, compared to older models, recent BIS monitors indicate
lower BIS values, for the same level of hypnosis. This difference is
due to the reduced level of noise, interference, and EMG activity,
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resulting in lower BIS values. To date, several BIS devices are
commercialized, such as the BIS™ Complete 2-Channel Monitor;
the BIS™ Complete 4-Channel Monitor which may detect hemi-
spheric differences in the brain. Moreover, the BISx™ OEM mod-
ule can be integrated into other medical devices.

Nevertheless, during the last 15-20 years, other EEG-based
technologies have been studied and have become commercially
available as noninvasive devices. The difference among these moni-
tors concerns the parts of the EEG data selected (frequency, phase,
and amplitude), processed and analyzed, and how the output mea-
sures are constructed and displayed into indices, or by graphical
solutions.

The Entropy device (M-Entropy™ Module, GE, Healthcare, Hel-
sinki, Finland) works by a proprietary algorithm to elaborate the
entropy of the EEG signal correlated to the behavioral responses of
the patients. It was designed in Finland, in 1999, by Vierti6-Oja
and colleagues [35]. The theoretical assumption is that during GA
irregularity in the EEG signal tends to decrease. This irregularity
can then be inferred by the entropy (the measure of the disor-
der) and used to estimate the DoA. The mathematical basis of
spectral entropy originates from a measure called “Shannon
entropy” [36]. This mathematical model, elaborated in 1948, has
been successively applied to the power EEG spectrum signal. The
spectral entropy has been computed for each temporal variable
(epoch) of the signal within a particular frequency range ( f1, f).
From the Fourier’s elaboration (i.e., FT') X( f;) of the signal x(z;),
the power spectrum P( f;) is calculated by squaring the amplitudes
of each element X( f;) of the FT:

P(fi) = X(fz) « x (1)

In this formula, X () represents the complex conjugate of the
Fourier component X(f;). The algorithm has been designed
through a mathematical normalization of the overall frequency
range of values between 1 (maximum irregularity) and 0 (complete
regularity). However, this transformation operates in parallel with
the variable time, producing time-frequency-balanced spectral
entropy in which the signal values x(z;) are sampled within a finite
time window (epoch) of a selected length with a particular sampling
frequency. That is, to elaborate the signal rapidly, the algorithm
allows for the study of each frequency in the context of an optimal
time window.

Through this algorithm, data of the degree of disorder of EEG
and frontal EMG signals, are converted into two values (indices)
that indicate the DoA status. The first index (i.e., response entropy,
RE) provides an indication on the patient’s responsiveness to exter-
nal stimuli and is useful for indicating an early awakening. It is
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5.3 Narcotrend®

54 Conox®

computed from EEG and EMG dominant part of the spectrum of
forehead muscles with frequency ranges from 0.8 to 47 Hz. The
second value (i.e., state entropy, SE) is obtained after processing in
arange from 0.8 to 32 Hz which includes the EEG dominating part
of the spectrum and, thus, is indicative of the patient’s cortical state.
As a consequence, SE is a more stable parameter that can be used to
assess the hypnotic effects of anesthetic agents.

More ordered signals, with less variation in the wavelength and
amplitude over time, produce higher entropy values and may indi-
cate that the patient is awake. Regular signals, with a constant
wavelength and amplitude over time, produce low or zero entropy
values, indicating a low probability of AAGA and suppression of
brain electrical activity. The RE scale ranges from 0 to 100 (patient
fully awake), and the SE scale ranges from 0 (cortical suppression/
deep anesthesia) to 91 (patient fully awake). The clinically relevant
target for RE is 40-60, whereas SE values near 40 indicate a low
probability of consciousness.

The Narcotrend® technology, developed at the University Medical
School of Hannover, in Germany, was introduced in the year 2000.
It analyses raw EEG data through spectral analysis and produces
several parameters. Multivariate statistical methods, which use pro-
prietary pattern recognition algorithms, are applied to provide an
automatically classified EEG signal on the basis of a visual assess-
ment of the EEG, as related to Loomis’s sleep classification system,
elaborated in 1937 [37]. The EEG visual classification scale ranges
from stage A (awake) to stage F (very deep hypnosis). In particular,
stage E indicates the appropriate DoA for surgery. Stages from A to
F were further subdivided into three substages; thus, the Narco-
trend device can automatically distinguish between 14 and 15 stages
(depending on the software version used). Also, the Narcotrend
software includes a dimensionless Narcotrend index, ranging from
100 (awake) to O (electrical silence) [38]. When compared to the
BIS, the Narcotrend technology seems to perform better during
the AE phase as it regains its baseline value upon discontinuation of
the drug effect [39].

The Conox™ device (Fresenius Kabi, Bad Homburg, Germany)
measures the DoA status and the patient’s reaction to external
stimuli through two derived indices: qCON and gNOX. In partic-
ular, the qCON index is derived from spectral analysis from a
single-channel EEG and BS rate, processed through an artificial
neural network and fuzzy logic system. The BS analysis is of para-
mount importance as burst intervals can be interpreted as the
patient’s awakening.

The qCON index is a measure of hypnosis and correlates to the
patient’s level of consciousness. Because the second index (QNOX)
expresses the probability of response to a noxious stimulus, it
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correlates to the intraoperative analgesia [40]. Both indexes range
from 0 to 99 (qCON: 0-39 deep anesthesia; 40-60 adequate
anesthesia; 61-79 sedation or light anesthesia; 80-99 awake status.
pNOX: 0-39 very low probability for the patient to respond to
noxious stimuli; 40-60 patients unlikely to respond to noxious
stimuli; 61-99 patients likely to respond to noxious stimuli). The
device also displays EMG and BS data. The latter is expressed as
a BS ratio (BSR) which is calculated as a ratio between the duration
of suppression and the duration of bursting.

A great limitation of different DoA indices lies in their neurophysi-
ological basis. They assume, indeed, that anesthetics induce slowing
of the EEG oscillations with increasing doses. Thus, slower oscilla-
tions should clearly correspond to a more profound state of
GA. However, not all anesthetics show this EEG pattern. For
example, ketamine shifts the alpha peaks of bicoherence induced
by propofol to higher frequencies, perhaps through modulation of
the nonlinear subcortical reverberating network [41 ]. Furthermore,
NO suppresses low-frequency power, which can influence EEG
monitoring parameters by increasing the value of the indices at
clinically accepted doses [42].

From these premises, devices have been developed to try to
overcome these gaps. Among these monitors, Physiometrix Inc.
introduced, in 2002, the PSA4000. The device indicates the Patient
State Index (PSI™), which is a dimensionless number suggestive
tor the level of unconsciousness. The value is calculated by a high-
resolution four-channel EEG device that elaborates information on
the frequency and phases of brain electric activity according to
anterior-posterior relationships in the brain. The algorithm guides
the analysis and processing of specific frequency components
between the frontal cortex and the posterior lobes. Moreover, the
algorithm analyses coherence between bilateral brain regions.
Finally, BS data and plausibility analysis are applied for final index
derivation [43].

The PSI™ delivers a continuous numeric value derived from
systematic studies based on alterations in brain state observed in
loss and return of consciousness, independently from the anesthetic
drug used. As a consequence, the variables adopted for incorpora-
tion in the index show high heterogeneity of variance at different
levels of sedation/hypnosis (sensitivity) but nonsignificant differ-
ences across anesthetic agents at a specified level (specificity)
[44]. PSI™ scale consists of 0—100, with an optimal depth between
25 and 50. Devices (e.g., SedLine™; Masimo) offers also other
details. The Density Spectral Array (DSA), for instance, represents
EEG power and provides in a graphical way data on bihemispheric
activity including asymmetry.

Comparative studies showed that the PSI offered a better
correlation with the ETAC of desflurane. Furthermore,
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5.6 Wavelet Analysis

5.7 The SNAP II™
Monitor

5.8 Evoked
Potentials

investigations found that PSI values were less affected by electrical
interference, mostly those induced by electrocautery. In terms of
anesthesia stages, although the PSI showed better performance
during both induction and AE, in course of maintenance the PSI
values were equivalent to those of the BIS [45, 46].

In the early years of the 2000s, Zikov et al. [47] studied a wavelet-
based decomposition of the EEG signal, associated with a statistical
function for information extraction. The result of their job was
the NeuroSENSE Monitor (NeuroWave Systems Inc., Cleveland
Heights, OH). The device provides the WAVcns index (ranging
from 1 to 100) which is obtained via wavelet analysis of the EEG
signals (from a single-channel frontal) in the gamma frequency
band. The wavelet coefficients calculated from the EEG are pooled
into a biostatistical analysis. The processing provides a further
comparison of the value to two well-defined states: the awake
state with normal EEG activity and the isoelectric state with maxi-
mal cortical depression.

The SNAP II™ Monitor (Stryker, Inc., Kalamazoo, MI) is another
device adopted for brain monitoring of GA. It displays an index that
varies from 100 (fully awake state) to 0 (no brain activity). The
algorithm of this instrument encompasses the processing of low
frequencies (0 to 18 Hz) and ultrahigh EEG frequencies (80 to
420 Hz) (high-frequency index), which are involved in the forma-
tion of consciousness, and ignores contaminated frequencies from
40 to 80 Hz. The use of these frequencies can be helpful for
ameliorating responsiveness during increased brain activity. Thus,
the device should be useful in evaluating transition phases between
the awake and anesthetized states, and vice versa (e.g., for optimiz-
ing emergence and RoC). Concerning its efficacy, Ruiz-Gimeno
et al. [48] indicated that SNAP index ranging from 58 to 70 is
probably equivalent to a targeted BIS index value ranging from
40 to 60. The SNAP-II index has been also used in mechanically
ventilated pediatric patients for assessing the level of sedation [49].

Apart from the pEEG-based brain monitoring devices, another
group of instruments works on acoustic evoked potentials
(AEPs). In contrast to spontaneous potentials detected by EEG,
evoked potentials (also termed as an evoked response) are electrical
potentials recorded following the presentation of a stimulus such as
repetitive auditory inputs [50] or visual stimuli, and evaluate the
integrity of the neural pathways that carry information from the
periphery (cochlea) to the cortex. When the auditory pathway is
testing (by auditory clicks) the AEPs are recorded and investigated.
The auditory stimulation produces a waveform which is the sum-
mary of 11 EEG waves. Depending on the CNS site responsible for
their production, these waves are divided into three groups:
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brainstem AEPs (BAEPs), middle-latency AEPs (MLAEPs), and
long-latency AEPs (LLAEPs). In particular, the BAEPs correspond
to the way of transduction of the stimulus in the brainstem, from
the acoustic nerve to the cochlear nucleus, and thus to the medial
geniculate body via superior olivary complex, lateral lemniscus, and
inferior colliculus. These potentials generate within 10 ms after the
stimulus. The MLAEPs (also defined as early cortical potentials)
generates from the medial geniculate body to the primary auditory
cortex within 100 ms after stimulation. Finally, the LLAEPs are the
expression of the neuronal activity of the frontal cortex and associ-
ation areas. These components manifest a different degree of
impairment during anesthesia and depending on the anesthetic
agents used. For instance, BAEPs peaks may be modified in course
of inhaled anesthesia, but not when injected anesthetics are used.
On the contrary, because MLAEPs show more predictable varia-
tions with lesser intraindividual and interindividual changes, this
subtype of AEPs is used for DoA measures.

The first commercial monitor based on AEP was developed by
Danmeter, in 2001. Compared to the raw EEG, AEPs are less
sensitive to artifacts that are random in time of occurrence. Func-
tionally, the AEP response to increased anesthetic concentrations
(a deeper DoA status) is characterized by is increased signal latency
and decreased amplitude. In particular, the AEP monitoring tech-
nique isolates the neurophysiological signal generated during stim-
ulation of the eighth cranial nerve using a repetitive auditory
stimulus (e.g., with a bilateral click stimulus of 70 dB intensity
and 2 ms duration delivered through headphones (in: Alaris AEP
Monitor; Alaris Medical Systems Inc., San Diego, CA, USA).
Repeated sampling allows the signal to be extrapolated from the
background EEG noise.

The AEP Monitor/2™ (Danmeter A/S, Odense, Denmark)
arranges a dimensionless number, the composite AEPs index
(A-line autoregressive index (cAAI)). Newest AEP technologies
elaborate AEPs from EEG signals. For instance, the AEP Index
(aepEX) monitor (Medical Device Management Ltd., Essex, UK)
that measures hypnotic depth during anesthesia by the means of
direct EEG-derived values, obtained from both cortical EEG and
AEP data [51]. This composite index represents a picture of the
overall balance between anesthesia status, and control of noxious
stimulation with analgesia. In contrast to the conceptualization of
pEEG-based monitors, the transition from asleep to awake is char-
acterized by a sudden increase in the AEP Index.

The AEP used for index construction has a latency of 144 ms
and contains 256 samples. The formula is as follows:

N-1
AEP Index = % - Z V| X% — xiq1 |
i=1
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There is also the derived A-line ARX Index with derives from an
integrate correction for BAEP, LLAEP, and muscular response.

Other devices commercialized for brain monitoring during
anesthesia are the Index of Consciousness (IoC) monitor (Mor-
pheus Medical Company) which uses an algorithm designed
through the symbol dynamics analysis (a mathematical approach
used in data storage and transmission which divides events such as
EEG into a finite number of elements and assigns a symbol to each
partition), and the Cerebral State Monitor™ (CSM), introduced
by the Danmeter Company, in 2004. The CSM’s algorithm derives
by the EEG-algorithm of its predecessor AEP-Monitor/2 (it also
uses the same electrodes). CSM monitor (model CSM 2) also per-
forms BS analysis and displays an index (Cerebral State Index,
CSI), a signal quality information (SQI), and EMG activity. Inter-
estingly, the CSI (0-100, where 0 indicates a flat EEG and 100 cor-
responds to the awake state; the surgical anesthesia is between
40 and 60) is obtained through a fuzzy analysis which elaborates
EEG subparameters (a-ratio, p-ratio, and off differences) and
BS interference.

6 Limitations and Perspectives

After its commercialization, the BIS device was intended as the best
instrument for monitoring cerebral activity during GA. The avail-
ability of this technology was enthusiastically considered as the
discovery of the “Holy Grail” of anesthesia monitoring and the
definitive solution of one among the major concerns of anesthesia:
the AAGA complication. As a consequence, in 2007, half of all
American operating rooms had a BIS monitor. Unfortunately,
doubts began to arise. In 2008, Avidan et al. [52] reported the
same incidence of AAGA, independently from BIS monitoring.
After two decades of investigations on the topic, the scientific
community agrees that the use of the brain monitoring must be
done with the “awareness” of its limits. In 2000, the task force on
intraoperative awareness of the American Society of Anesthesiolo-
gists concluded that “(instrumental brain monitoring) is not rou-
tinely indicated for patients undergoing general anesthesia, either to
reduce the frequency of intraoperative awareness or to monitor the
depth of anesthesin.” Again, “the decision to use o brain function
monitor should be made on a case-by-case basis by the individunl
practitioner for the selected patient” [53]. More recently, the
Australian and New Zealand College of Anaesthetists (ANZCA)
[“Monitoring of anaesthetic effect on the brain—When clinically
indicated, equipment to monitor the anesthetic effect on the brain
should be available for use on patients, especially those at high risk of
awareness, during geneval anesthesin”] [54] have issued similar
recommendations, whereas the Association of Anaesthetists of
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Great Britain and Ireland recommended the use of DoA devices in
case of total intravenous anesthesia and neuromuscular-blocking
agents (NMBAs) administration [55]. Furthermore, the European
Society of Anaesthesiology recommended brain monitoring in the
elderly patient to prevent the risk of POD (Grade A) [56]. Finally,
DoA devices can be helpful in particular clinical settings, for
instance in the case of patients undergoing deep sedation [57, 58].

Although these devices are equipped with algorithms for overcom-
ing interferences such as eye movements and muscle activity, several
patient-dependent variables such as age, neurological disorders
(e.g., brain ischemia, seizures), medications (e.g., psychoactive
drugs), and pathophysiologic states such as hypothermia, hypogly-
cemia, acid-base abnormalities, as well as external factors (e.g., poor
skin contact, mains or power line interference, electrocautery) may
still affect the validity of the instrumental brain monitoring. Among
medications, the use of neuromuscular relaxants may also interfere
with the readability of brain monitoring devices. For instance,
Nunes et al. [59] demonstrated significant reductions in several
indices of DoA, such as RE, SE, and CSI, in volunteers after the
use of succinylcholine [60]. Again, investigations conducted in
awake volunteers who did not receive any anesthetic, demonstrated
lower BIS values (suggestive for a surgical anesthesia status) after
administration of a single dose of muscle relaxant [61]. Thus,
despite the refinement of algorithms for improving devices already
in use, and the development of new technologies, right now it is
impossible to abolish the influence of all confounding
variables [62].

Furthermore, a paramount limitation of DoA monitors con-
cerns their functional bases and, in turn, the impossibility of appli-
cation to all anesthesia regimens. A significant issue, indeed, is that
different anesthetics act at different molecular targets, impact dif-
ferent neural circuits, and, in turn, induce different brain states.
Because the neurophysiological presupposition predicts that anes-
thetics induce slowing of the EEG oscillations with increasing
doses, slower oscillations should clearly indicate a more profound
state of GA. However, not all general anesthetics work by following
this pattern. The potential combination of different general anes-
thetics, or through general anesthetics and other drugs (e.g.,
opioids) complicate the matter. For example, ketamine shifts the
alpha peaks of bicoherence induced by propofol to higher frequen-
cies, by interfering on the subcortical reverberating network
[43]. Ketamine, moreover, has special features. This drug acts on
several receptors (e.g., NMDA and the hyperpolarization-activated
cyclic nucleotide-gated potassium channel 1, HCNI1, receptor),
influencing in a positive and negative manner different neuronal
pathways (including cholinergic, aminergic, and opioid systems),
has no effects on AEPs [63]. The gas NO suppresses low-frequency
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power, which can influence EEG monitoring parameters by increas-
ing the value of the indices at clinically accepted doses of anesthetics
[42]. On the contrary, dexmedetomidine can produce profound
slow EEG oscillations and low index values despite the patient can
be easily aroused from what is a state of sedation rather than in a
surgical DoA status [64]. Inhaled and intravenous anesthetics pro-
duce EEG signatures featuring oscillations in the raw EEG and its
spectrogram.

Probably, the main gap of DoA technologies lies in their impossi-
bility of discriminating with precision between consciousness and
unconsciousness. Indeed, their functioning is based on EEG signal
analysis rather than considerate the corticocortical connectivity and
communication processes [65]. This is a complex topic encompass-
ing (1) consciousness,/unconsciousness transition and mechanisms,
and (2) the operating mechanism of general anesthetics. Neuronal
and functional mechanisms that regulate the switch from con-
sciousness to unconsciousness still require investigation. Moreover,
although research showed that the anesthetic effect is obtained
through ligand-receptor interactions in different brain areas, a
major question concerns the physiological mechanisms by which
these medications interfere with cortical and subcortical signals and
consciousness mechanisms. Research in this field involves different
study groups. For instance, the Boly’s investigations on the spectral
EEG changes after propofol administration are very important
[66], whereas Patrick Purdon and the Emory Brown’s team pub-
lished their fascinating research on the dynamics of the unconscious
brain under GA, explaining how EEG patterns (and its changing)
may be indicated in real-time of the patient transition from con-
sciousness to the anesthesia status [67-69].

An interesting perspective is the closed-loop control system
where a DoA monitor may work to automatically control the num-
ber of general anesthetics to be administered to the patient [70]. For
this purpose, a proportional-integral-derivative (PID) controller
(also termed as a three-term controller), which is a control loop
feedback mathematical approach used in industrial control systems
and in other applications in which a continuously modulated control
is required, is used. Basically, the PID controller continuously cal-
culates an error value ((2)) like the difference between the desired
setpoint and a measured process variable. Subsequently, the system
applies a correction by proportional ( p), integral (z), and derivative
(d) operations and coefficients (K). Thus, the controller attempts to
minimize the error over time (#(t)).

de(z)
dz

t
u(t) = Ky e(t) + IQ/ e(¢)dr’ + Kd
0
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In anesthesia, this modality is performed through systems
(algorithms) developed for infusion of intravenous anesthetics. Of
note, Rugloop© is a Windows-based Target Controlled Infusion
(TCI) program developed by Tom de Smet and Michel Struys. It is
an experimental tool for research and teaching purposes and
encompasses a complete TCI model database for most common
intravenous anesthetic agents. A large amount of clinical research is
reported in the literature on the application of anesthesia in closed-
loop control systems. Studies were performed through different
algorithms. For instance, Liu et al. [71] published the results of a
randomized multicenter study conducted on a closed-loop modal-
ity based on BIS-guided coadministration of propofol and remifen-
tanil with an interface between the DoA monitor and the anesthetic
infusor. Ngai Liu together with Nicolas Choussat and Thierry
Chazot conducted several studies by using the EasyTIVA system
(Medsteer) which uses a proprietary algorithm adaptable with vari-
ous brain monitor systems available on the market. Since 2006,
several investigations have been conducted in different clinical set-
tings such as pediatric and adolescent populations [72] and obese
patients [73]. Apart from the BIS, other DoA monitors have been
used for this purpose. West et al. [74] adopted the NeuroSENSE
Monitor, whereas an investigation on the closed-loop coadminis-
tration of propofol and remifentanil guided by qCon and qNox
indexes is ongoing (NCT03540875).

Although a recent meta-analysis of a randomized clinical trial
found that BIS-guided anesthetic delivery (for intravenous anes-
thesia) reduced propofol requirements during induction, stabilized
the right DoA status, and improved recovery time, this interesting
approach still has to go through rigorous testing, and further
validation is needed [75].

To date, we can only indirectly evaluate the state of anesthesia
(and consciousness) through EEG, AEP, and other parameters such
as EMG, but the data they provide are not exhaustive and cannot
allow for establishing with certainty the multiple functional changes
occurring in the brain during anesthesia.
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Perioperative Monitoring of Autonomic Nervous Activity

Theodoros Aslanidis

Abstract

The role of autonomous nervous system (ANS) is becoming more evident as accumulating information
about human physiology arises. Therefore, monitoring its activity during periods of abrupt changes, like
those in perioperative settings, becomes essential for understanding, predicting, and managing their effects.
There are several methods for measuring ANS, although none of them is yet broadly applied in periopera-
tive period.

Electrodermal activity tracks autonomic nervous activity via skin electrical properties. Heart rate varia-
bility and surgical stress index integrate mainly cardiovascular monitoring, digital pupillometry records
pupil’s dynamics; other methods use laboratory measurements. No matter the focus of each method,
careful consideration for its limitation should be made before its use. Summarizing, it seems that, instead of
searching for the “gold-standard,” a combination of methods should be used.

The present chapter presents selected tools used for perioperative autonomic nervous activity monitor-
ing. Future research perspectives are also offered.

Key words Autonomic nervous activity, Perioperative monitoring, Pupillometry

1 Introduction

Autonomous nervous system (ANS) is integrated in almost every
organ. Monitoring of its activity becomes essential during periop-
erative period, as a plethora of stimulus and preexisting conditions
can provoke tremendous abrupt changes. Moreover, numerous
reports about negative effects of perioperative stress (i.e., high
sympathetic tone) exist [1-5].

Stating otherwise, ANS monitoring is evaluation of stress-
induced physiological changes.

There are several methods for measuring ANS, although none
of them is yet broadly applied in perioperative period. Moreover,
none can be considered as a “gold standard.” Methods for ANS
monitoring are complementary one to other; thus, a combination
of them is often used in practice. In addition, indirect information
about ANS activity can be obtained nearly by any monitor. And to
further complicate things, ANS activity can be influenced by a
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variety of factors: age, gender, ethnicity, drugs, and preexisting
health status. The present chapter will focus on selected tools for
perioperative ANS activity monitoring including electrodermal
activity of the skin, surgical plethysmographic (ov stress) index, sali-
vary biomarkers, digital pupillometry, and heart rate variability.
The physiological concept, the monitoring technique, and notes
of each method are presented.

2 Selected Methods for Autonomous Nervous System Monitoring

2.1 Electrodermal
Activity of the Skin
(EDA)

2.1.1 Physiological Basis

2.1.2 Terminology

Sweating is mainly a thermoregulatory mechanism. The output
sweat is an electrolyte water solution. It consists primarily of
sodium and chloride, though potassium, calcium, urea, lactate,
and amino acids can also be found [6-8].

Palm and plantar sweating however is known to be indepen-
dent of the ambient temperature, and it is elicited by emotional
(fear, pleasure, agitation), physiological (inspiratory gasp, tactile
stimulation, movements), and stressful (mental exercises) stimuli
[6-8]. The secretory part of palm glands is innervated solely via the
sympathetic branch of the ANS, which reaches the dermal part. In
addition, the postganglionic synapse is cholinergic, having acetyl-
choline as synaptic transmitter [7-9]. Findings concerning the
central innervations of sweat glands activity point to several centers,
located at different levels of the CNS, and partly independent of
one another [6, 8, 10]. Thus, through measuring of the electrical
properties of the output (i.e., sweat) of the palm sweat glands,
electrodermal activity (EDA) provides a simple gauge of the level
and the extent of sympathetic activity (SNS).

Although EDA reports in the past were coming mostly from
the fields of psychophysiology and neurology, recently EDA moni-
toring is also applied in perioperative setting.

Currently, the term EDA is considered a very general term. It
includes all electrical properties such as conductance (SC), resis-
tance (SR), potentials (SP), impedance (SZ), and admittance
(SY) which can be traced back to the skin [8]. The most often
used EDA method is SC, measured in pS (micro-Siemens) or pQ
(micro-Ohm). The SC changes have usually two components: one
with longer (tonic) and the other with shorter (phasic) time course.
The tonic component relates to the slower acting components and
background characteristics of the signal, including the overall level,
the slow climbing, and the slow declinations over time. The most
common measure of this component is the skin conductance level
(SCL) because changes in the SCL are thought to reflect general
changes in autonomic arousal [ 11-13]. The faster component is the
skin conductance response (SCR or more generally EDR) and can
be either stimulus/event related (ER-SCR) or not specific
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(NS-SCR). Furthermore, every SCR signal has its own character-
istics: amplitude, latency period (i.e., time interval between stimu-
lus and onset of SC change), number of fluctuation of SC (NESC)
for given time, rise rate and time, decrease rate and time (especially
half-recovery time = interval from peak SC to 50% decrease) and
selected areas under the curve (AUC) of the signal
[8, 11-13]. Other terms include galvanic skin response (GSR)
and psychogalvanic reflex (PSR)-used in the past for SCR, skin
potential response (SPR) and skin potential level (SPL). The latter
two are method-specific terms (see below), their units are in pV
(microvolt) and they are further divided to uniphasic or biphasic
SPR, and sudorific (originated from sweat glands) or nonsudorific
(associated with dermal and epidermal tissues) SPL [11].

The methods for EDA monitoring are mainly two types: endoso-
matic and exosomatic methods. While the former is seldom used,
details are also given.

Endosomatic method detects EDA changes between two measur-
ing electrodes (active /inactive) along palmar or plantar skin with-
out the application of external current. Skin potentials are measured
in pV. Low drift Ag/AgCl electrodes are recommended. Preferred
recordings sites are the glabrous skin of palms and the soles (see first
paragraph of Subheading “Endosomatic Method”). Pretreatment
of the site of the inactive electrode—placed in the volar/inner
surface of the forearm or over the ankles—is needed [11, 13,
14]. Slight abrasion of the stratum corneum beneath the inactive
electrode to lessen the difference in potential between the site and
the body core (skin resistance is reduced from about 1 MQ to
100 kQ) [6, 14] is performed. Skin drilling methods were used in
the past for that purpose. The site was first cleaned with antiseptic
marked and then a dental spherical burr, covered with industrial
diamonds was held steady and applied over the skin 3—4 times, until
a gentle depression was made on the epidermis. Criteria for the
right depth were visual inspection (slight glistering and cell fluid in
the depression under bright light), a stinging sensation after swab-
bing with acetone, and the absolute potential difference between a
pair of electrodes usually <1 mV and seldom <3 mV [14].

No pretreatment is needed for the active electrodes. They are
fixed either to the volar phalanges of the fingers or to thenar and
hypothenar sites on the palms of the nondominant hand. Alterna-
tively, one of two sites are fixed at the inner aspect of the foot, over
the abductor hallucis muscle adjacent to the sole of the foot and
midway between the proximal phalanx of the big toe and a point
directly beneath the ankle [13].

An ordinary bio-amplifier (although with appropriate input
impedance Rjnpue >> Rgkin and gain factor) may be used to detect
SP responses.
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Exosomatic Method

SPRs can be both negative and positive (e.g., at the palms an
increased negative potential or a less negative potential respectively)
monophasic or biphasic. Triphasic SPRs have also been described in
a condition in which the recovery from the “positive” component
goes more negative than the peak of the initial negative wave.

In general, endosomatic recording may be considered as the
most “physiological” measure of electrodermal activity, since no
external current is applied. The latter also contributes to the
absence of electrode polarization. Finally, skin potential is unaf-
fected, thus no artifacts may be caused by variation in contact area
(electrode /skin surface).

As limitations the SPL is highly sensitive to skin hydration
temperature differences and the complexity of the SPRs creates
difficulties in both analysis and interpretation. However, a major
limitation of endosomatic method is its invasivity. Consequently,
the method is not popular and it is not used in perioperative setting
(8,10, 13].

In order to evaluate the suitability of the electrodes, the Bias
Voltage Test should be performed before their placement. The test
is carried by placing the two electrodes are placed in direct face-to-
face gel-to-gel contact, without skin and without applied direct
current (DC) voltage. The measured DC voltage from the pair,
consisting in the bias voltage or difference between the half-cell
potentials, should be negligibly small with values <5 mV, except for
endosomatic measurements, where it should be <1 mV [13].

This approach measures EDA via application of external current to
the skin: either DC or alternating current (AC).

In DC measurements, if voltage it kept constant (known as
quasi-constant voltage method), EDA is recorded directly in SC
units (puS), whereas if current is kept constant (quasi-constant cur-
rent method) then SR units (Ohms (2)). Accordingly, in AC mea-
surements, if effective voltage is kept constant, EDA is recorded as
SZ, while SY results are used when the effective current is kept
constant [8, 10].

Concerning technique and recording, the sensor system in
both types (DC or AC) has at least two electrodes with equal
properties, although in most commercially available systems it has
three electrodes. Bias Voltage test can control the latter. The three-
electrode system consists of a measuring electrode (M), a counter-
current electrode (C), and a reference voltage electrode (R), which
ensured a constant applied voltage across the stratum corneum
beneath the M electrode. Currently, ready for use, commercially
available, disposable nonpolarizing Ag/AgCl electrodes are
favored. Disposable electrodes have some important advantages.
They can be hygienic, hypoallergenic and antiseptic. They can have
a good fixation system, be stored many months in an unopened
package, be produced in large production runs with uniform
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electrical characteristics, and have a snap-action connector or, even
better, be prewired with the connector remote from the electrode.
Pre-gelled models have the additional advantage that the metal—-
electrolyte interface is stabilized and ready for use. In order to be
EDA compatible the gel is containing chloride salt (NaCl or KCI),
with NaCl being most often used. Preferred concentrations are
between 0.050 and 0.075 molar (0.3%—0.4% by weight) because
they approximate the concentration of NaCl in sweat that reaches
the surface [10, 13].

In the hand, the preferred active sites are the thenar and
hypothenar eminences and the medial and distal phalanges of the
index and middle fingers (Fig. 1). Electrodes are fixed in site usually
with adhesive tape.

The electrical circuits used to record and detect exosomatic
responses, are more complex as compared with those used for
endosomatic measures. As compared to endosomatic recording,
the measures are less affected by electrode artifacts such as bias
potential or drift, need reduced amplifier gain to detect the SC or
SR responses, and are less sensitive to hydration effects. The vast
majority of the devices use differential amplifiers, whereas in the
past operational amplifiers were used. Known resistors (with 1%
precision) in place of the participant allow calibration of the equip-
ment. Resistors of 1 MW and 200 kW provide calibration conduc-
tances of 1 mS and 5 mS, respectively, which is the range for SCRs.
An additional resistor of 50 kW provides 20-mS calibration, the
approximate range of SCL. Ideally, these tests are conducted and
recorded as the session begins but before electrodes are attached
and the results retained to document the proper functioning of the
equipment in that session. This record of calibration can be invalu-
able if one should discover that the equipment has not been work-
ing properly and need to determine which records are valid

b c
#2

Fig. 1 Suggested measurement sites, (a) three-electrode system: thenar (current) and hypothenar (measure-
ment) eminences and just below the middle finger (reference), (b) two-electrode systems: using either medial
phalanges, either distal phalanges and either eminences (thenar and hypothenar), and (¢) foot sites: inner side
of the foot [6, 8, 13, 15]
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[10, 13]. Possible presence of an external current may cause biased
results. Hydration level of the skin can also affect recordings, yet in
a lesser degree than in endosomatic recordings.

Responses coming from exosomatic measures always show a
unidirectional (monophasic) course and therefore are easy to ana-
lyze. Apart from that, being the most studied methods, there is a
larger knowledge database about their physiological correlates (see
below).

Limitations and notes. Even though exosomatic technique is
generally easy and not invasive, thorough knowledge of the device
used for recording such as its type (e.g., DC or AC measurements),
its capabilities, limitation of its use, is needed.

Most of the available data come from psychophysiology and
neurology fields; thus, this can be both asset and drawback when
using the method in intensive care units (ICU) or operation thea-
tres (OR) (Fig. 2).

Fig. 2 Examples of EDA monitor (the device on the bottom of the image) use
along with other ICU devices (personal archive)
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Attention should be given to possible sources of bias in periop-
erative settings. For example, avoid placement of the electrodes in
an edematous hand or in the same side where an arterial line is
placed. Relatively strict patients’ selection criteria should be used
too. The latter is necessary in order to facilitate the analysis of the
data. Thus, drug regiment (sedatives, inotropic agents, analgesics,
etc.) should be carefully recorded, and health status (psychiatric or
neurological diseases, neuropathy or myopathy, delirium, CNS or
spinal cord injury, pregnancy) should be evaluated. Hemody-
namic/respiratory instability and the presence of sensitive electrical
life-sustainable devices such as cardiac pace, renal replacement ther-
apy devices, intra-abdominal aortal counterpulsation pump, extra-
corporeal membrane oxygenation, and artificial liver are also
important factors to consider [8].

Recording itself may be more demanding, since the environ-
ment in which it takes place (ICU, OR) is more dynamic.

Finally, while in psychophysiology, the existence of recommen-
dations about analysis of the recording facilitates investigators [ 13],
there are not enough data about, from perioperative settings [8].

SPI is a multivariate index that is based on two cardiovascular
parameters: the heart beat interval (HBI) and the pulse wave ampli-
tude (PPGA). Information for these variables is delivered from the
plethysmographic signal that is measured by a pulse oximeter. The
raw time series data for heart rate and the plethysmographic ampli-
tude are normalized and then a linear combination of the normal-
ized values is computed as SPI according with the formula:

SPI = 100 — (0.7 *PPGAnorm + 0.3 *HBInorm)

where PPGAnorm is the normalized plethysmographic pulse wave
amplitude and HBInorm the normalized heart beat interval
[15-17].

First developed as intraoperative nociception index [16], SPI
reflects a change of the autonomic nervous system balance in body.
Indeed, the increase of the sympathetic activity increases SPI [17].

Concerning technique of recording, there is a commercially
available SPI sensor, which serves also as SpO, monitor. The sensor
is placed in the figure of the patient. There is additional preparation
of the site, then that of the SpO, monitor (e.g., removal of any
artificial nail colors). With the help of the appropriate embedded
software in the main monitor, the observer gets a real time value of
SPI and a trend over time [18]. The SPI is expressed in a scale
0-100, with values <30 to reflecting adequate and >60 inadequate
analgesia respectively [15].
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2.3 Salivary
Biomarkers: Focus
on a-Amylase (sAA)

2.3.1 Physiological Basis
of Salivary a-Amylase (SAA)

2.3.2 Material-Method
of Recording

Yet SPI is to be used for unconscious and fully anesthetized
adult (>18 years old) patients during general anaesthesia. In addi-
tion, SPI sensor is not available for all countries. For instance, it has
not cleared for sales in USA [18].

In addition, several confounding factors for the SPI, including
concomitant medication, volume status, pacemaker action,
arrhythmias and posture changes, have been described [19].

Limitations and notes. Since SPI is solely based on hemody-
namic measurement, its use in parallel with another method of ANS
activity monitoring is recommended.

With the development of point-of-care diagnostic technology,
interest about saliva biomarkers had gained interest. For example,
catecholamine can be identified in saliva ranging from 250 to
800 pg/mL~". However, it is unsuitable as an index for general
sympathetic tone does, as it does not correlate well with serum
levels [20]. Dihydroxyphenylglycol, a metabolite of catecholamine,
shows better correlation with plasma level, yet its role is under
research [21]. The same is valid also soluble fraction of receptor
IT of TNFa (sTNFaRII) and secretory IgA (sIgA) [22]. Lack of
saliva/serum levels correlation has been reported for cortisol. In
this case, the cause seems to be saliva 11 p-hydroxysteroid dehy-
drogenase which converts cortisol to cortisone [20]. Yet there are
reports of saliva cortisol as potential diagnostic tools for detecting
stress-induced cardiac diseases [23].

The enzyme sAA is secreted by the highly differentiated epithelial
acinar cells of the exocrine salivary glands via activation, mainly, of
beta-adrenergic receptors. Its release of salivary is regulated by
autonomic innervations; thus many investigations viewed it as a
measure of endogenous sympathetic activity [15]. To this regard,
an association between sAA and plasma catecholamines was
demonstrated [24, 25]. Generally, the physiological range of sAA
in normal subjects is around 10 to 250 U mL ™" [26].

In general, saliva can be collected easily from human. However, the
standardization of salivary collection has a great importance in
saliva analysis because several factors may affect salivary flux and
composition [27].

Though various strategies have been reported, the majority of
them use stimulated saliva collection (i.e., need active cooperation of
the patient) and may be unsuitable for perioperative setting. The
most commonly used devices are sterile cotton dental rolls, as Saliv-
ette™ (Sarsted, Newton, NC). The cotton roll is placed into the
subject’s mouth and is gently chewed for about 1-2 min, then placed
into the vial. Saliva is obtained by expressing the saturated cotton
using a needleless syringe or better by centrifugation [26, 27].
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Fig. 3 Handheld sAA monitor. (Taken from http:/item.rakuten.co.jp/m-aoba/1437747)

More appropriate for perioperative setting are handheld moni-
tors (e.g., COCORO meter salivary amylase monitor, NIPRO®,
Osaka, Japan) which measure amylase activity in a batch type, using
a disposable reagent test paper and an automated build in saliva
transfer device (Fig. 3). The test paper is placed gentle under the
tongue. Results are obtained usually within 60 s (displayed in built-
in screen) and only 30 pL of saliva sample is needed [28]. With the
latter method, the problem of sample storage is eliminated.

Limitations and notes. Several measurements are needed over
time to create a reliable time trend. Thus, time of measurement
should be strictly predefined in most cases, in regard to the time of
the stimulus (e.g., surgical incision).

Apart from that, factors that affect sAA such as administered
drugs, age, gender, and diurnal dynamics should also be noticed
beforehand. Finally, special consideration should be applied in case
of ear—nose—throat surgeries or in ICU patients where daily mouth
care can affect the measurements [29-31].

Unfortunately, currently, there is no enough data available in
literature about the effect range of the previous factors of sAA levels
in perioperative setting. Future studies will eventually clarify the
role of the method.


http://item.rakuten.co.jp/m-aoba/1437747
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2.4 Digital
Pupillometry

2.4.1 Physiological Basis

The size of the pupil of the eye is determined by the balance
between the tone of two muscles, the constrictor (sphincter, the
circular muscle) and the dilator (the radial muscle). Both of them
are the cornerstone of the light reflex (PLR): the simultaneous and
equal constriction of the pupil in response to illumination of one
(direct) or the other eye (indirect or consensual). The reflex is
multisynaptic with pulse speed 160 m/s and triggering time
about 200 ms. The afferent pupillary pathway is controlled by the
sympathetic ANS and originates in the retina [15, 32]. Hence,
pupil’s dynamics reflect the functional balance between sympathetic
and parasympathetic ANS. In fact, in absence of injuries of the
peripheral structures, pupillometry is an indirect estimation of
functional status of ANS, especially at midbrain level [32].

Concerning method of recording, appropriate technique for
perioperative settings is infrared digital pupillometry which is car-
ried out by handheld portable pupillometers. There are several
commercial devices of the kind and the basic concept is the same-
automatic evaluation of pupil response to light. The latter is emit-
ted when the device is held in front of the patient and centered in
their eyes. The duration of emission is 100 ms, while the rest of the
test parameters are manually selected. While with classical pupillo-
metry the inter-rater variability is a problem, with infrared pupillo-
metry intra-examiner variability can drop down to 1%
[32-34]. Apart from that, the development of quantitative scale of
pupil reaction (e.g., Neurological Pupil Index) allows a more rigor-
ous and classification of pupil response. Others parameters can be
recorded to create a more complete picture: the resting (maximum)
and the minimum diameter, the percentage change (% Ch = maxi-
mum-minimum,/maximum), the latency (time difference between
of retinal light stimulation and onset of pupillary constriction), the
average and maximum constriction velocity and the average dilata-
tion velocity [32]. Other studies report more parameters, such as
maximum redilatation velocity, the interval till the 75% of the redi-
latation (#754), and the relative reflex amplitude [32].

These measurements allow not only the evaluation of pupil’s
diameter but also the neurophysiology of its reaction. For example,
latency reflects the functionality of the nerve impulse transfer; the
maximum constriction velocity reflects the parasympathetic ANS
activation intense; the average dilation velocity reflects the sympa-
thetic activation.

Limitations and notes. The technique of digital pupillometry is
easy. Yet the investigator should have in mind that pupil size is
affected by numerous of intrinsic and extrinsic factors. The intrinsic
factors include stimulus variables such as light level, spectral com-
position, spatial configuration (field size, spatial structure of the
field), accommodative state, monocular/binocular view and nonvi-
sual stimuli (pain, noise). With prefigured automated devices
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Fig. 4 Example of handheld digital pupillometer. (Taken from https:/neuroptics.
com/npi-200-pupillometer/)

(Fig. 4) several of these problems are surpassed (light level, spectral
composition, etc.), whereas others (e.g., nonvisual stimuli) remain.
However, there are several reports in the literature about the appli-
cation of digital pupillometry as perioperative analgesia index [35].

Extrinsic factors influencing the pupil size include individual
differences, age, biomechanical cofactors like respirations and heart
beats, day-to-day within observer variance and cognitive factors
(arousal, attention, fear, workload, and hedonistic content) [32].

Thus, currently it is recommended that the method is to be
used along with other monitoring methods [36].


https://neuroptics.com/npi-200-pupillometer/
https://neuroptics.com/npi-200-pupillometer/

68 Theodoros Aslanidis

2.5 Heart Rate
Variability (HRV)

2.5.1 Physiological
Concept

Variability in beat-by-beat heart period is an intrinsic characteristic
of healthy cardiac functioning. ANS is the main determinant
behind this phenomenon, which is further affected by several
intrinsic and extrinsic factors.

Heart rate variability (HRV) is a term used for the interval
between R waves in the ECG and is considered as complex reflec-
tion of the sympathetic-parasympathetic system balance activation
(autonomic outflow), neuroendocrine influences and the ability of
cardiovascular system to respond to the former factors (autonomic
responsiveness) [15, 37].

It should always be kept in mind that, in reality, the R-R
intervals variability (measured in msec) and HRV (i.e., a normalized
estimation for given time measured in bpm) are not the same thing
[38]. However, the terms are used interchangeably.

Concerning method of monitoring, recording is performed via
specialized ECG monitors. Digitized ECG recordings of R-R inter-
vals over given time are discarded from artifacts and premature
ectopic beats and then analyzed in 2 ways: either with linear on
with nonlinear methods.

Linear methods are mainly of two types: (1) time domain and
(2) frequency analysis.

In the time domain, indexes of HRV are: mean R-R interval
(RRi) for normal beats (in ms), standard deviation of all normal RRi
(SDNN, in ms), standard deviation of the means of RRi (SDANN,
in ms), mean of the 5-min standard deviations of RRi (SDNNi, in
ms), root-mean square of differences between adjacent normal RRi
(rMSSD, in ms), and percentage of adjacent RRi with a difference
of duration greater than 50 ms (pNN50) [39].

In the frequency analysis, spectral power analysis via Fast Four-
ier Transformation is used to quantify heart rate oscillations (RRi)
into four main frequency HRV components: The high-frequency
(HF) (0.15-0.40 Hz), the low-frequency (LF) (0.04-0.15 Hz),
the very low frequency (VLF) (0.0033-0.04 Hz), and the ultralow
frequency (ULF) (<0.003 Hz) component. HF component usually
reflect vagal activity, while LF component is considered to reflect
both sympathetic (mainly) and parasympathetic activity. The ratio
of high- and low-frequency oscillations LF/HF is assumed to
reflect the absolute and relative changes between the sympathetic
and parasympathetic components. The exact physiological mechan-
isms responsible for VLF and ULF are not yet established, but they
may relate to the renin—angiotensin—aldosterone system, thermo-
regulation, and /or peripheral vasomotor tone [15, 37, 40].

Nonlinear HRV analysis methods (fractal dimension, entropy
and complexity) have also been proposed, but literature about their
use is still limited [15, 41].

Limitations and notes. HRV monitoring can be challenging in
perioperative settings. As HRV deals with RR interval variations its
measurement is limited to patients in sinus rhythm and to those
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with a low number of ectopic beats. In this sense, patients with
frequent premature ventricular contractions, atrial arrhythmias
(particularly atrial fibrillation) are excluded from any HRV analysis
[37]. Besides that, intra-operative movement artifacts and electrical
interference may complicate R- wave detection. No data also exist
about application of the method during cardiothoracic operations
(positioning of electrodes, interference, etc.).

Additional difficulties may be encountered also in data analysis.
Time domain indexes can be used to assess autonomic nervous
system activity; however, they cannot distinguish between changes
in HRV due to increased sympathetic tone or withdrawal of vagal
tone. Moreover, some indexes (SDNN, SDANN, and SDNNi
indexes) require long-term recordings for accurate assessment,
while others (rMSSD and pNN50) primarily quantify modulation
of RRi driven by ventilation. On the other hand, spectral analysis
can give important information about ANS cardiovascular control;
yet care should be paid in the assumption that HF /LF ration reflect
sympathovagal activity. Finally, when choosing nonlinear methods,
fractal behavior of heart rate time series is assumed; though, it is
difficult to assess the physiological meaning from obtained results
and their relevance to cardiac autonomic control [38].

Despite the aforementioned difficulties, the method has been
used (1) as intraoperative analgesia guide index [42-44], (2) as
method of prediction of ANS dysfunction during anesthesia
[15,45], and (3) as prognostic index in critically ill trauma brain
injury patients [46, 47].

Several other methods can also be considered as ANS monitors.
Skin and muscle microneurography (SNA and MSNA), two meth-
ods used to visualize and record the normal traffic of nerve impulses
in peripheral nerves; are used mainly as research tools of sympa-
thetic nerve system [40].

Pulse rate variability (PRV) derived from continuous blood
pressure measurements may provide a feasible alternative for
HRV [48].

Few data are available on the perioperative applications of other
methods such as quantitative sudomotor axon reflex test (QSART)
[49, 50], resting sweating output (RSO) [51], or thermoregula-
tory sweat test (TST) [52].

3 Further Research Perspectives

Considering the aforementioned, the big challenges are ahead of
us. No matter the method, currently, we are just recording mea-
surements after stimuli. What is the best method for each setting
(emergency department-ED, OR, ICU)? In which condition? In
which patients? For a patient with ARDS, HRV may prove a better
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method in ED, while pupillometry should be used for the same
patient when/if admitted to ICU. How then to compare the
measurements before (HRV while in ED) and after (digital pupil-
lometry in ICU). Is it better to use more than one method? When?
Which combination? Why? We still do not know the answers. Apart
from that data analysis of the recordings can be made by various
ways? Which method is best in which condition? What information
does every “way” give us: Moreover, for the time being (2019), we
need to know/record the stimulus, in order to study its results on
ANS activity. We are still in research of identifying stimulus-specific
patterns, so that identifying the stimulus from the measurement.
And certainly, we are far from connecting that measurement to the
exact ANS activity: for example, for an EDA response, which part is
due to the condition, which is due to emotional stress, which is due
to pain, etc. In addition, what is the cutoff value for each method /
condition/patient/setting for every factor (drugs, trauma) that can
affect ANS activity? And we have no idea about the full predicting
possibilities of those tools.

The list of questions is endless. Clinical implications: innumer-
able, given the fact that ANS is considered as the “life-sustaining”
system. The former can be used not only for our better understand-
ing of the pathophysiology of almost every disease (for example
sepsis-related ANS dysfunction) but even as a tool to challenge
fundamental definitions. The author of this chapter would like to
focus on only one such definition: if ANS activity is used as part of
the criteria for (brain) death, how will we define death after data
from ANS activity monitors and, for example, functional neuroim-
aging (fMRI) are combined together? And what about sleep, anes-
thesia [53-55], locked-in syndrome?

4 Conclusion

Based on the variety of ANS monitoring methods and the afore-
mentioned future possibilities, it becomes obvious that in order to
assess a “globally integrated” system such as ANS, a multivariable
monitor system is needed—a future device that tracks several para-
meters (e.g., skin conductance, HRV, SPI, and continuous sAA
levels) at the same time.

On the other hand, further studies will clarify whether we need
a “holistic” approach (and thus a complex multiparameter record-
ing method) for perioperative ANS evaluation, or we should target
to the organ/system of interest and spare the search for the golden
standard perioperative monitor of the whole ANS activity.
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Monitoring Cerebral Oximetry by Near-Infrared
Spectroscopy (NIRS) in Anesthesia and Critical Care:
Progress and Perspectives
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Abstract

Noninvasive estimation of cerebral regional oxygen saturation (rScO,) by means of near-infrared spectros-
copy (NIRS), first described more than 40 years ago, is currently commonly used as a cerebral and, more
generally, hemodynamic monitoring tool in cardiovascular surgery and neonatal intensive care unit, and in
recent years is spreading to other clinical settings in which brain injury and cognitive dysfunction are a major
concern, such as interventional neuroradiology procedures, noncardiac surgery in the beach chair position
or in high-risk (e.g., elderly) patients, cardiac arrest, and mechanical circulatory support. However, there is
no agreement among clinicians about the usefulness and reliability of cerebral NIRS monitoring and,
accordingly, its use in clinical practice varies widely worldwide. This is primarily due to the substantial lack of
evidence showing improved outcomes with NIRS-guided management, combined with some limitations of
the methodology such as the differences among the various commercially available devices and the lack of
well-defined reference values and of clinically relevant thresholds for desaturations. In this chapter, we
discuss the basic principles and the common clinical uses of cerebral oximetry and review the main evidence
about the impact of NIRS-guided management on clinically relevant outcomes, in order to analyze the
reasons that hinder a wider dissemination of a potentially useful monitoring tool and, accordingly, to
outline the possible direction for future research.

Key words Near-infrared spectroscopy (NIRS), Cerebral oximetry, Cardiac surgery, Anesthesia,
Cardiopulmonary bypass (CPB), Monitoring, intraoperative, Intraoperative neurophysiological mon-
itoring, Postoperative cognitive dysfunction (POCD), Postoperative complications

1 Introduction

The use of near-infrared spectroscopy (NIRS) for noninvasive esti-
mation of cerebral regional oxygen saturation (75¢O;) has been first
described more than 40 years ago [1], and afterwards has had some
spread in clinical practice as a cerebral and, more generally, hemo-
dynamic monitoring tool, mainly in cardiovascular surgery [2—4]
and in the neonatal intensive care setting [5-8]. By measuring
“mixed” oxygen saturation in a small and shallow area of brain
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(see below), cerebral oximetry has the potential to detect a mis-
match between oxygen supply and consumption, which can be due
to either “cerebral” causes (e.g., carotid artery occlusion, displace-
ment of cardiopulmonary bypass cannulae, inadequate anesthesia,
epilepsy) or “systemic” causes (e.g., low cardiac output or cardio-
pulmonary bypass flow, low perfusion pressure, hypoxia, anemia,
hypocapnia) [3, 9, 10]. Accordingly, rScO, monitoring is particu-
larly attractive in cardiac and vascular surgery, where the risk of
postoperative neurological complications such as stroke, delirium,
and postoperative cognitive dysfunction (POCD) is still high
[11, 12], as well as in the neonatal intensive care unit (NICU),
where neurocognitive outcome is also a key issue, the possibility of
cerebral and hemodynamic monitoring is limited, and the brain of
neonates is more easily probed by NIRS than in adults due to the
thinner scalp and skull [2, 7, 8, 13]. In recent years, the use of
cerebral oximetry is also spreading to other clinical settings in
which brain injury and cognitive dysfunction may represent a
major concern, such as interventional neuroradiology procedures
[14], noncardiac surgery in the beach chair position (BCP) or in
high-risk (e.g., elderly) patients [3], and adult intensive care unit
(ICU), particularly during cardiac arrest [3, 15, 16].

However, there is no agreement among clinicians about the
usefulness and reliability of cerebral NIRS monitoring and, accord-
ingly, its use in clinical practice varies widely worldwide from cen-
ters routinely including cerebral oximetry among the monitoring
tools on which to base therapeutic decisions to centers not using it
at all [2—4, 17-21]. This is primarily due to the substantial lack of
evidence showing improved outcomes with NIRS-guided manage-
ment, combined with some technological and “pathophysiologi-
cal” issues (e.g., the poor agreement among the different
commercially available devices [22-24 ] and the lack of well-defined
reference values and of clinically relevant thresholds for desatura-
tions [2, 3,18,22,23,25]) and, maybe, with a not full awareness of
the limitations of this technique and of the way it can best contrib-
ute to clinical management [21].

In this chapter, we discuss the basic principles and the common
clinical uses of cerebral oximetry and review the main evidence
about the impact of NIRS-guided management on clinically rele-
vant outcomes (with particular emphasis on the randomized inves-
tigations and meta-analyses performed in the last decade), in order
to analyze the reasons that hinder a wider dissemination of a
potentially useful monitoring tool and, accordingly, to outline the
possible direction for future research.
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2 Basic Principles

A regional oximeter works, in part, like a pulse oximeter: both
estimate oxygen saturation, that is, the ratio of the concentration
of oxyhemoglobin (O,Hb) to the sum of the concentrations of
reduced hemoglobin (Hb) and O,Hb (considering the presence of
other forms of hemoglobin as negligible), by measuring the atten-
uation of light of appropriately chosen wavelengths as it passes
through a certain body region [26, 27].

According to the so-called Beer—Lambert law [26], when a
monochromatic (i.e., single-wavelength) light of intensity I passes,
by a length L, through a solution of a substance which absorbs light
of that wavelength (see Fig. 1a), the intensity I of the transmitted
light decreases according to the following equation:

I=TIpe*r

where Lis the length traveled through the solution (pathlength), e
is the molar attenuation coefficient of the substance for that wave-
length, and C is the concentration of the solution. After defining
the absorbance A of the solution as log I/ I, the above equation can
be written, more simply, as

A=eCL

that is, the higher the concentration (and the longer the distance
traveled within the solution), the more the light absorbed.
Beer-Lambert law allows to measure the concentration of any
substance provided that a wavelength which is absorbed only by
that substance is used (and the value of ¢ for that wavelength is
known). Unfortunately, both Hb and O,Hb absorb light in a wide
range of wavelengths. However, oxygen saturation can be esti-
mated according to the ratio between the absorbances measured
using two different wavelengths, appropriately chosen so that one is
absorbed more by Hb than by O,Hb, and the opposite occurs for
the other one [26]. A common pulse oximeter uses two light—
emitting diodes (LEDs) to alternately irradiate a finger with two
wavelengths (red 660 nm and infrared 940 nm) and measure light
intensity on the other side. The ratio between the absorbances for
the two different lights is then matched with those observed in
healthy volunteers for empiric calibration. To estimate arterial oxy-
gen saturation, the cyclic change in light absorbance due to the
systodiastolic variations in blood volume is analyzed (photoplethys-
maography) so as to consider only pulsatile signals [26, 28].
Cerebral oximetry is feasible thanks to the substantial transpar-
ence of brain to near-infrared (NIR) light (700-950 nm, that is, the
portion of the infrared range closest to the visible spectrum), which
is absorbed, with different absorption spectra, only by a few mole-
cules contained therein (including hemoglobins) [2, 27]. However,
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Fig. 1 (a) Beer-Lambert law. A, absorbance; /; and /, light intensity before and
after crossing through the solution, respectively; £, molar attenuation coefficient;
L, pathlength. (b) Modified Beer—Lambert law, on which regional oximeters rely
for the estimation of light attenuation, and schematic representation of light
scattering which accounts for the banana-shaped average route of light through
brain tissue (see text). DP differential pathlength, G scattering loss

since positioning a light source and detector on the opposite sides
of the head is not possible due to excessive pathlength, cerebral
oximeters must rely on another physical phenomenon in addition
to absorption: light scattering, namely the deviation (in any direc-
tion) of electromagnetic radiation when it encounters matter [27].

Most commercially available NIRS oximeters use self-adhesive
patches containing LEDs or other types of light sources emitting
two to five NIR wavelengths and a couple of light detectors located
at different distances from the light source (see Table 1)
[17, 29]. Hence, light which reaches detectors is that back-
scattered after a certain (unknown) number of scattering events
due to which it follows, on average, a “banana-shaped” route up to
a depth of about 2-2.5 cm from skin (see Fig. 1b) [2, 3, 27].
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Accordingly, as shown in Fig. 1b, light attenuation
(as measured by the detectors) occurs not only due to absorption
(mainly by O,Hb and Hb), but also due to scattering, since most of
the light emitted takes other directions and will never reach the
detectors. Moreover, the actual pathlength is not equal to the
geometrical distance L between light source and detectors (as in a
pulse oximeter), but is certainly longer (and can only be estimated
approximately). In practice, common regional oximeters rely on the
following equation to estimate light attenuation (modified Beer—
Lambert law) [2,27]:

A=eCLDPF+ G

where A, e, C, and L are, respectively, absorbance, molar attenua-
tion coefficient, concentration of absorbing substance, and the
geometrical distance between light source and detector, DPF (dif-
fevential pathlength factor) is the coefficient of proportionality
which, multiplied by L, gives the so-called differential pathlength
(DP), that is, the actual pathlength traveled by light, and
G accounts for the scattering loss, which depends on the geometry
and the scattering properties of the tissue (but is assumed to remain
constant once the sensor is positioned and, accordingly, can be
eliminated using mathematical methods).

Estimation of DP is required in order to provide absolute
values of oxygen saturation. Most devices use spatially resolved
(e.g., multidistance) spectroscopy as a technique to estimate the
DP: in practice, the attenuation of NIR radiation is measured by
at least two detectors which are located at different distances from
the emitting source, and the increase in attenuation along with the
source-detector distance is measured and matched with the depen-
dency of scattering on the wavelength. Other available NIRS oxi-
meters use different technologies for this purpose (see Table 1),
such as ultrashort pulsed laser (#ime-resolved spectroscopy) or radio-
controlled intensity modulation ( frequency-resolved or frequency
domain spectroscopy) [2, 12, 27].

Finally, cerebral oximeters do not distinguish pulsatile from
nonpulsatile signals and, accordingly, provide the mean oxygen
saturation in the small volume of brain they illuminate (around
1 ml of prefrontal cortex when the adhesive sensors are appropri-
ately positioned on the adult forehead) [3]. Although this small
“sample” of brain, which is chosen rather arbitrarily, contains
venous and arterial blood in a widely variable proportion [30], all
commercially available oximeters assume a fixed ratio of venous-to-
arterial content of 75:25 or 70:30 for calibration (see Table 1)
[2, 23, 27]. As discussed below, this and the other assumptions
which are made in the different devices’ algorithms, together with a
certain degree of technological complexity and with the lack of a
reference value according to which to evaluate accuracy, are proba-
bly among the reasons of the relatively limited use of cerebral
oximetry monitoring in clinical practice [25, 27].
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3 Clinical Use

3.1 Cardiac Surgery

In adults, cerebral oximetry is usually monitored using two dispos-
able sensors positioned bilaterally on the forehead, approximately
1.5-2 c¢m above the eyebrows [3]. Although some investigations
found an association between low preoperative values of rScO, and
outcome [31-33], in patients undergoing surgical procedures
intraoperative changes from baseline are regarded as more clinically
relevant than any absolute value of rScO, (see below). Accordingly,
baseline values should be always obtained, preferably before admin-
istration of oxygen and induction of anesthesia (since most clinical
studies which identified /investigated the thresholds for clinically
relevant cerebral desaturations defined baseline values in this way).
Most commercially available regional oximeters display the percent-
age changes from baseline in addition to absolute values of rScO,
once the baseline has been set on the device by pressing a button. A
20% reduction compared to baseline is generally considered as a
clinically relevant cerebral desaturation [2, 3, 5, 34], that is, which
may result in worse outcomes and, accordingly, should trigger
some kind of intervention aimed at restoring rScO, values (see
Table 2).

Below we briefly review the main clinical uses of NIRS cerebral
monitoring in different perioperative and critical care settings.

As mentioned, the risk of neurological complications (and conse-
quent increased mortality) after cardiac surgery is still very high,
with an incidence of stroke of up to 3% (11.2% after surgery on
aorta) and a rate of delirium and POCD (at discharge) of up to 45%
and 80%, respectively [12]. Nevertheless, a recent survey of
796 members of the Society of Cardiovascular Anesthesiologists
(SCA) showed that only about 35% of adult cardiac anesthesiolo-
gists and about 40% of pediatric cardiac anesthesiologists use cere-
bral oximetry routinely [21]. Moreover, respondents’ answers on
the best intervention to be implemented in different clinical scenar-
ios involving cerebral desaturations were largely heterogeneous,
thus confirming the lack of agreement on the usefulness and correct
use of cerebral oximetry during cardiac surgery.

Since cerebral oxygen desaturation may reflect an imbalance
between oxygen supply and consumption, the interventions to
restore rScO, values should consider all the possible causes of
increased oxygen consumption or inadequate oxygen delivery at
both a local/hemispherical and global level (Table 2)
[10, 35-38]. A protocolized approach to NIRS-guided manage-
ment was proposed by Denault et al. [10] and its effectiveness in
reversing cerebral desaturation has been recently shown in a multi-
center randomized controlled trial (RCT) of 201 patients under-
going high-risk cardiac surgery [37]. A slightly modified treatment
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Table 2

Possible causes of cerebral oxygen desaturation and treatment options during cardiac surgery

Possible causes of reduced rSc0,

Corrective options

Reduced cerebral oxygen supply

Hypotension

Low arterial oxygen saturation

Anemia
Inadequate CO/CPB flow

Cerebral vasoconstriction due to
hypocapnia

Reduced /obstructed cerebral venous
return

Mechanically obstructed carotid flow

Increased cevebral oxygen consumption
Inadequate anesthesia depth®
Seizures!

Hyperthermia

Increase MAP (identify and correct the causes of hypotension
and/or administer vasopressors)

Check ventilation /oxygenator®
Increase FiO,
Treat causes of respiratory failure

Consider RBC transfusion

Identify and treat causes of low CO
Administer fluids/inotropes
Increase pump flow*

Consider switch from centrifugal to roller pump™®

Reduce ventilation
Reduce gas flow to the oxygenator®

Check head position® and venous cannulae

Consider surgical causes of SVC obstruction
(e.g., after bicaval anastomosis during heart
transplantation)

Check head position®

Check for arterial cannulae malposition /rotation/migration®
(e.g., endoclamp, aortic cannulae, SCP catheters)

Consider air embolism (remove any source of air inlet;
head-down tilt)

Consider (iatrogenic) aortic dissection

Increase anesthetic depth
Administer antiepileptic drugs

Reduce temperature
Treat causes of hyperthermia

*If on cardiopulmonary bypass (CPB)

Laminar flow might reduce cerebral blood flow to a greater extent than pulsatile flow
“Excessive head axial rotation may obstruct cerebral venous return or cause carotid artery compression

dAssociated use of bispectral index (BIS) monitoring can help in recognizing this cause of cerebral desaturation. rScO,,
cerebral regional oxygen saturation; MAP mean arterial pressure, FiO, inspired oxygen fraction, RBCred blood cells, CO
cardiac output, SVC superior vena cava, SCP selective cerebral perfusion

algorithm was proven to be effective in restoring rScO, levels
during cardiopulmonary bypass (CPB) in a prospective multicenter
observational study of 235 patients undergoing coronary artery
bypass graft (CABG) or valve surgery [38].

One of the advantages of NIRS in cardiac surgery is its potential
to provide useful information in all types of procedure and in all
their stages, including CPB and deep hypothermic circulatory
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arrest (DHCA): in fact, unlike other monitoring tools, it does not
need pulsatile blood flow to work (actually, it does not need flow at
all) [10, 35].

In practice, cerebral oximetry can be used in cardiac surgery
with two different “philosophies”: in all patients, as an early warn-
ing of rare but potentially catastrophic events such as malposition of
CPB or selective cerebral perfusion (SCP) cannulae, iatrogenic
aortic dissection, obstructed cerebral venous return, air embolism,
etc. (see Table 2) or, particularly in high-risk patients and complex
procedures, to guide hemodynamic/CPB management (i.e., to
maintain physiological variables and/or CPB settings at patient-
tailored levels) [10, 19, 35, 36, 39]. In this regard, NIRS has been
also proposed as a means to identify an impairment of cerebral
autoregulation during CPB, which has been found to occur in
about 20% of patients and to be associated with an increased risk
for perioperative stroke [40]. In particular, the lower Limit of auto-
regulation (LLA), namely, the value of mean arterial pressure
(MAP) below which cerebral autoregulation is lost (i.c., cerebral
blood flow becomes MAP-dependent), can be estimated according
to a cerebral oximetry index (COx) which correlates MAP variations
with cerebral oximetry changes and, hence, approaches 0 when
autoregulation is intact and 1 when the LLA is exceeded
[40, 41]. Using this approach, Joshi et al. [41] showed that the
LLA during CPB is widely variable and poorly predictable accord-
ing to factors such as age or previous cerebrovascular disease, while
its estimation using NIRS may allow to individualize MAP targets
during CPB. However, this analysis needs a sophisticated signal
processing and it has never entered common clinical practice.

Although the use of cerebral oximetry monitoring has been
described and investigated in several adult surgical and endovascu-
lar treatment settings, such as orthopedic surgery in the beach chair
position (BCP) [2, 3], thoracic surgery [3], major noncardiac
surgery in elderly [3, 35], interventional neuroradiology proce-
dures [14], and transcatheter aortic valve replacement (TAVR)
[42], the most attractive and studied adult perioperative indication
is carotid endarterectomy (CEA) [2, 3, 12, 43—46]. In fact, the risk
of neurological complications such as stroke, cerebral hypopertu-
sion syndrome (CHS), and cognitive disorders after CEA is still a
major concern (with a reported rate of up to 1.5-3% for stroke)
[12, 45], and the reduction in ipsilateral rScO, over a certain
threshold after carotid clamping has been suggested to be an early
and sensitive alert of the need for shunt positioning or other inter-
ventions (such as raising MAP or inspired oxygen fraction) which
may prevent brain injury or cognitive dysfunction [3, 43—46]. In a
landmark (although relatively small and observational) study pub-
lished about two decades ago, Samra et al. [43] used the first
FDA-approved and marketed cerebral oximeter (INVOS 3100,
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Somanetics, Troy, MI) in patients undergoing awake CEA under
locoregional anesthesia and found that cerebral desaturations after
clamping were associated with impairment of consciousness, with
the best sensitivity and specificity (and a very high negative predic-
tive value) for a cutoff of 20% from baseline. More recently, similar
investigations using devices from the same developer (INVOS™
series) have yielded similar results [44, 45], while a small study
using a FORE-SIGHT® oximeter (CAS Medical Systems, Bran-
ford, CT) reported high sensitivity and acceptable specificity for a
cutoft of 9% from baseline [46]. However, the positive predictive
value for cerebral ischemia of rScO, changes was generally low: this
suggests that, while desaturations within the identified cutofts rep-
resent a “safety zone,” not all patients experiencing deeper desa-
turations necessarily require shunt positioning (which in turn
carries an increased risk of stroke due to embolism) [2, 3, 43].

Until recently, the interest of clinicians for cerebral oximetry moni-
toring in the adult ICU setting was very limited, and the literature
on the subject is accordingly poor. A recent systematic review
including a few small and heterogeneous studies found a weak
signal of association between low rScO, and delirium in critically
ill patients [47]. A prospective observational investigation includ-
ing 33 comatose patients suggested that the aforementioned NIRS-
derived COx could be a valid alternative to transcranial Doppler for
the assessment of cerebral autoregulation in patients with acute
brain injury [48], and a subsequent study from the same research
group showed that COx values may predict both short- and long-
term clinical outcomes (including mortality and severe disability) in
this type of patients [49]. In an interesting pilot RCT, 102 neuro-
critically ill patients were randomized to receive red blood cell
(RBC) transfusion according to Hb values alone or in combination
with an rScO, threshold of 60% [50]. Patients in the cerebral
oximetry group received significantly fewer RBC units, with no
outcome differences between the two groups.

Apart from these few and very preliminary reports, in the
critical care setting it is gaining increasing attention, in the last
few years, the possible role of cerebral oximetry monitoring during
cardiac arrest |3, 15, 16, 51-53] and veno-arterial (V-A) extracor-
poreal membrane oxygenation (ECMO) [54, 55], two clinical con-
ditions in which the advantage of not requiring the presence of
pulse or blood flow is particularly appreciated.

A meta-analysis including nine small and heterogeneously
designed studies of patients suffering from either in-hospital or
out-of-hospital cardiac arrest found a significant association
between both initial and mean rScO, values during resuscitation
and the rate of retwrn of spontancous civculation (ROSC)
[51]. These findings were confirmed in two subsequent multicenter
prospective investigations of 183 patients with in-hospital cardiac



Monitoring Cerebral Oximetry by Near-Infrared Spectroscopy (NIRS). .. 85

3.4 Pediatric
Anesthesia
and Intensive Care Unit

arrest [16] and 329 patients with out-of-hospital cardiac arrest
[52], respectively, both using regional oximeters from the same
manufacturer (EQUANOX™ 7600 /SenSmart® X-100, Nonin
Medical Inc., Plymouth, MN) (see Table 1). However, the clinical
utility of cerebral oximetry in cardiac arrest is yet to be clarified
before it can enter routine clinical practice [53].

Finally, two recent retrospective analyses found an association
between cerebral desaturations during V-A ECMO (defined as
a >25% reduction from baseline or an absolute rScO, value below
40% and as an absolute rScO, value below 60%, respectively) and
the risk for acute cerebral complications in 18 patients monitored
with a INVOS™ 5100c oximeter (Covidien, Dublin, Ireland) [54 ]
and in 56 patients monitored with a FORE-SIGHT® ELITE device
(CAS Medical Systems, Branford, CT) [55]. Further research is
needed to evaluate the potential role of cerebral oximetry, and to
define the best cutoft values of rScO,, in the management of
extracorporeal mechanical support.

As previously mentioned, cerebral oximetry monitoring is rather
widely used in pediatric cardiac surgery. In this setting, in fact,
potentially “catastrophic” events such as CPB cannulae malposi-
tioning (e.g., malrotation of a j-tip aortic cannula leading to direct
perfusion into brachiocephalic artery, which may be promptly sig-
naled by a monolateral cerebral desaturation) occur more fre-
quently than in adults, especially during correction of congenital
heart defects [10, 35]. Moreover, perioperative rScO, values have
been associated with brain injury and neurodevelopmental out-
comes in infants [56].

In addition, ever since they became clinically available, NIRS
oximeters are used in the NICU setting, in particular in newborns
at risk for hypoxic brain injury and its consequent cognitive devel-
opment abnormalities, for example, due to perinatal asphyxia or to
the hemodynamic instability and the cerebral autoregulation
impairment which are typical of preterm infants [7, 8, 57]. How-
ever, there is currently no clear evidence that NIRS-guided man-
agement in the NICU may favorably affect neurodevelopmental
outcome in preterm newborns (see below) [7, 58, 59]. In the last
few years, moreover, a few prospective observational studies inves-
tigated the use of cerebral oximetry as a perioperative monitoring
tool in both infants and older children undergoing noncardiac
(e.g., digestive) surgery, a setting in which the use of NIRS is not
particularly widespread and skepticism dominated until recently
[4]: as discussed in the next section, these investigations yielded
promising [60, 61] but also less encouraging results [56].
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4 Cerebral Oximetry and Outcome

4.1 Prognostic Role
of Baseline Values

Many clinical studies (mainly observational investigations) reported
an association between either baseline rScO, values or cerebral
desaturations compared to baseline and the risk of neurological
complications or other adverse outcomes (e.g., acute kidney injury,
myocardial dysfunction, and mortality) in various clinical settings,
suggesting a prognostic role for cerebral oximetry but also the
possibility that interventions aimed at restoring rScO, values
could favorably affect outcome. However, several RCTs and
meta-analyses of RCTs focused recently on the role of NIRS moni-
toring in guiding therapeutic management, especially during car-
diac surgery, yielding mostly inconclusive results. Main evidences in
this regard are discussed below.

Low preoperative rScO, values have been associated with worse
outcomes after cardiac surgery [31-33]. In a prospective observa-
tional study of 1178 patients undergoing cardiac procedures on
CPB, preoperative rScO, values were measured using an INVOS™
4100 or 5100 oximeter (Somanetics, Troy, MI) mostly in the
cardiac surgery ward while patients were breathing ambient air
and, afterwards, supplemental oxygen [31]. Lower rScO, values
were associated with the severity of baseline cardiopulmonary dys-
function and with worse postoperative outcomes. In particular,
preoperative rScO, values <50% (during oxygen supplementation)
were found to be an independent risk factor for 30-day and 1-year
mortality. In a substudy including 231 patients from the same
cohort, low preoperative rScO, values were also shown to be
associated with the risk of delirium, as assessed by the confusion
assessment method for the ICU (CAM-ICU), during the first
3 days after surgery, with an rScO, of 59.5% as the best cutoff
value [32]. More recently, a retrospective investigation of
210 patients undergoing left ventricular assist device (LVAD)
implantation found that higher baseline rScO, values (measured
by means of an INVOS™ 5100c¢ oximeter, Somanetics, Troy, MI)
were associated with significantly reduced 30-day mortality, but not
with other outcomes such as major adverse cardiac events, need for
renal replacement therapy (RRT), bleeding, and ICU length of stay
(LOS) [33].

An association between low rScO, values at baseline and less
favorable outcomes has been also described in other settings, such
as vascular surgery [45] and cardiac arrest [51, 52]. In a recent
prospective cohort study including 466 patients undergoing CEA
(again monitored using an INVOS™ 5100 device), Kamenskaya
et al. [45] found that preoperative rScO, values below 50% pre-
dicted a sixfold increase in the risk of perioperative and early post-
operative stroke with a sensitivity of 90.7% and specificity of 66.7%.
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4.2 Impact
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Finally, as mentioned above, a meta-analysis including nine small
studies in which NIRS oximeters from various manufacturers were
used to monitor rScO, in patients with either in-hospital or out-of-
hospital cardiac arrest [51], as well as a prospective investigation of
NIRS monitoring (using an EQUANOX™ 7600 or a SenSmart®™
X-100 oximeter, Nonin Medical Inc., Plymouth, MN) during out-
of-hospital cardiac arrest [52], found that patients with higher
rScO; values at the first measurement had significantly increased
chances of ROSC.

There is a plenty of reports of an association between changes in
rScO, values from baseline and various clinical outcomes in a wide
variety of perioperative and critical care settings [16, 17,40, 4346,
49,52, 54, 55, 60, 62-67].

In cardiac surgery, intraoperative cerebral desaturations have
been found to be associated with an increased risk of POCD
[17, 62-64], postoperative stroke [65] and various other complica-
tions [66], as well as with higher hospital LOS [62, 66]. In one of
the first RCTs of cerebral oximetry monitoring in cardiac surgery,
Slater et al. [62] monitored 265 CABG patients using an INVOS™
5100 oximeter (Somanetics, Troy, MI) and randomized them to an
intervention group, in which a prespecified protocol was used to
treat cerebral desaturations below 20% from baseline, or to a con-
trol group in which rScO, values were recorded but not displayed.
The authors calculated an 7ScO; score as the depth of desaturation
below an absolute value of 50% multiplied by its duration
(in seconds): as an example, an rScO, value of 40% for 3 min
corresponded to a score of (50%—40%) x 180 s = 1800%s. They
found that patients with a desaturation score >3000%s had a sig-
nificantly increased risk of early POCD (as assessed by a set of
standardized neurocognitive tests) and an almost tripled risk of
prolonged (>6 days) hospital LOS. However, there was no statisti-
cally significant difference in the rate of POCD between the inter-
vention and the control group. An increased risk of POCD with
more profound and prolonged intraoperative cerebral desatura-
tions was also found in two prospective series of 61 patients under-
going CABG procedures [63] and 101 patients undergoing CABG
and/or valve replacement procedures [ 64 ], respectively. In another
relatively small series of 46 patients undergoing aortic arch surgery
(with hypothermic circulatory arrest), cerebral desaturations
between 14% and 24% from baseline during antegrade SCP showed
a sensitivity up to 83% and a specificity up to 94% in predicting
postoperative stroke [65]. In all three of the above investigations,
rScO; was measured using an INVOS 4100 oximeter (Somanetics,
Troy, MI).

Casati et al. [67] randomized 122 elderly patients undergoing
major abdominal surgery under general anesthesia and continuous
intraoperative monitoring with INVOS 4100 (Somanetics, Troy,
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MI) to an intervention group, in which rScO, was maintained at
values not lower than 75% of baseline, or a control group in which
rScO;, values were blinded. When considering only patients who
experienced desaturations below 75% of baseline (about 21% of the
study population), the Mini Mental State Examination (MMSE) at
the seventh postoperative day was lower and the hospital LOS was
higher in the control group as compared with the intervention
group. However, there were no differences between the two groups
in the MMSE or in the rate of complications, overall.

The impact of cerebral desaturations on neurological outcomes
in patients undergoing vascular surgery (particularly CEA) [43—46]
and in patients needing ECMO support [54, 55], as well as the
association between the loss of cerebral autoregulation (as assessed
by means of NIRS) and unfavorable outcomes after cardiac surgery
[40] and in comatose critically ill patients [49], have been discussed
above. Moreover, in one of the aforementioned investigations of
cerebral oximetry monitoring during cardiac arrest, Genbrugge
et al. [52] showed that an increase in rScO, by at least 15% during
resuscitation as compared with the first measured values was signif-
icantly associated with a higher chance of ROSC (odd ratio
(OR) 4.5; 95% confidence interval (CI) 2.75-7.41; p < 0.001).

Finally, two recent studies investigated the association between
intraoperative cerebral desaturations and postoperative neurodeve-
lopmental complications after neonatal/infant and pediatric sur-
gery, respectively, with conflicting results [56, 60]. In fact, while
Goémez-Pesquera et al. [60] found that intraoperative cerebral
desaturations (within 20% from baseline) were associated with an
increased risk of negative postoperative behavioral changes in
198 children aged 2 to 12 years undergoing noncardiac surgery,
Olbrecht et al. [56] conducted a multicenter observational investi-
gation of 453 infants under 6 months of age suggesting that severe
intraoperative cerebral desaturations during noncardiac surgery are
uncommon and not likely to be associated with postoperative
neurocognitive abnormalities.

In the first RCT of cerebral oximetry monitoring ever performed,
Murkin et al. [68] randomized 200 patients undergoing CABG
surgery to either intraoperative rScO, monitoring (INVOS™
5100; Somanetics, Troy, MI) in combination with a treatment
protocol to maintain values >75% of baseline (intervention
group) or blinded rScO, recording (control group). The most
often effective interventions included raising CPB flow or MAP,
deepening anesthesia, and increasing inspired oxygen fraction
(FiO,). Patients in the control group had significantly higher
ICU LOS (1.87 £ 2.7 vs. 1.25 + 0.8 days; p = 0.029) and greater
incidence of major organ morbidity and mortality (MOMM), that
is, at least one among death, stroke, myocardial infarction, kidney
injury requiring RRT, mechanical ventilation >48 h, mediastinitis,
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reoperation (11 vs. 3%; p = 0.048), while no significant differences
were found between groups in the rate of any of these adverse
outcomes. However, this trial was clearly underpowered to detect
differences in the incidence of events such as death or stroke.

Although the trial by Murkin et al. [68], as well as other
subsequent investigations performed in cardiac surgery [37, 38,
69] and in the setting of preterm infant intensive care [58 ], demon-
strated the effectiveness of NIRS-based treatment protocols in
maintaining rScO, values within certain limits, other studies
(some of which have already been discussed above [62, 67]) and,
particularly, the RCTs performed in the last few years failed to show
a favorable impact on outcomes of protocolized NIRS-guided
management in various clinical settings, while the results of recent
meta-analyses of RCTs, taken as a whole, are rather uncertain
[34,72,73].

Two RCTs [70, 71] published in 2017 investigated the role of
NIRS-guided management in adult cardiac surgery. Lei et al. [70]
randomized 249 patients undergoing cardiac procedures on CPB
to either a treatment protocol initiated for rScO, values below 75%
of baseline or blinded rScO; recording. No difference in the rate of
delirium was found between groups. In the PASPORT trial [71],
204 patients undergoing valve or combined valve and CABG sur-
gery were randomized to a NIRS-based treatment algorithm
(including a restrictive hematocrit threshold for RBC transfusion
and aimed at maintaining rScO, at absolute values >50% or at
>70% of baseline) or to standard care. The authors found no
differences in cognitive function (assessed up to 3 months after
surgery), RBC transfusion, biomarkers of brain, kidney, and myo-
cardial injury, adverse events, and healthcare costs between the
groups. An INVOS™ 5100 oximeter (Covidien, Dublin, Ireland)
was used in both studies. A meta-analysis of 10 RCTs (1466
patients, overall), also published in 2017, confirmed the lack of
any clinical benefit of NIRS-based treatment protocols in adult
patients undergoing cardiac surgery, although the risk of bias was
very high for most of the included trials and the level of evidence
was low or very low for all the assessed outcomes [72].

Other two meta-analyses recently addressed the role of cerebral
oximetry-based management in any adult perioperative setting,
with inconclusive results [ 34, 73]. Zorrilla-Vaca et al. [ 34] analyzed
15 RCTs (2057 patients, overall) and found that NIRS-guided
intraoperative management was significantly associated with a
lower incidence of POCD (at one week after surgery) and a shorter
ICU LOS, but not with hospital LOS and delirium. Moreover,
subgroup analysis revealed that the effect on POCD rate was lost
among patients undergoing noncardiac surgery. However, the
authors found a high degree of heterogeneity among the included
trials. Similarly, the results of the meta-analysis by Yu et al. [73],
which included 15 RCTs with a total of 1822 patients undergoing
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abdominal, orthopedic, CEA, and cardiac surgery, leave great
uncertainty about the impact of NIRS-guided management on
delirium, stroke, and mortality.

Finally, the first (and the only so far) RCT of cerebral oximetry
monitoring in preterm infants (SafeBoosC 1I trial) included
166 newborns from 8 NICUs across Europe [58]. Although this
study showed that a dedicated treatment protocol was effective in
maintaining rScO, values within a target range of 55-85%, a
recently published follow-up found no benefits of NIRS monitor-
ing on long-term neurodevelopmental outcome [59].

5 Limitations, Pitfalls, and Controversies

As mentioned, in addition to the lack of clear evidence that cerebral
oximetry monitoring could favorably affect outcomes, some limita-
tions of NIRS technology and criticisms of its reliability probably
contributed to hinder a more widespread use in clinical practice in
recent years [2—4, 17, 18, 20, 27]. These include, among others,
the lack of reference values and of “accurate” absolute rScO, mea-
surements [2, 25], the signal contamination by extracranial tissues
[20, 23, 29, 74], the lack of information about brain areas away
from the sensors [2, 75], the low agreement among the different
commercially available devices [22—-24 ] and, all considered, the lack
of well-defined reference thresholds for both “normal values” and
clinically relevant desaturations [3, 18, 22, 27].

Although the marketed regional oximeters are mostly based on
the same technological principles and on similar basic assumptions
(see above), devices from different manufacturers differ in many
important aspects such as the algorithms used for signal acquisition
and processing, the types of light sources, the wavelengths of light
emitted, and the distances between light emitters and detectors
(Table 1) [22, 29]. In an elegant study of 12 healthy volunteers,
Davie and Grocott [29] showed that rScO, readings by three
different NIRS oximeters (INVOS™ 5100C, Covidien, Dublin,
Ireland; FORE-SIGHT®, CAS Medical Systems, Branford, CT;
EQUANOX™ C(Classic 7600, Nonin Medical Inc., Plymouth,
MN) were all significantly affected, although to a different extent,
by extracranial tissue ischemia-hypoxia in the forehead region. It is
even possible that regional oximetry values registered on the fore-
head do not reflect cerebral oxygen saturation at all due to excessive
distance between skin and brain tissue, such as in case of cortical
atrophy (e.g., elderly patients) [76].

Indeed, several investigations compared both the absolute
rScO, values and their percentage changes from baseline as
measured by different oximeters in various clinical settings (cardiac
surgery, preterm infants) as well as in healthy volunteers and found
a poor agreement among various devices [22-24, 77-79]. For
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Fig. 2 Direct comparison between INVOS™ 5100C (Covidien, Dublin, Ireland) and EQUANOX™ 7600 (Nonin
Medical Inc., Plymouth, MN) in patients undergoing cardiac surgery. (Adapted with permission from Pisano
et al. [22])

example, Pisano et al. [22] collected rScO, values simultaneously
from INVOS™ 5100C (Covidien, Dublin, Ireland) and EQUA-
NOX™ 7600 (Nonin Medical Inc., Plymouth, MN) in 10 patients
undergoing cardiac surgery (as shown in Fig. 2) at different
pre-specified time points and whenever at least one of the two
devices displayed a reduction in rScO, > 20% from baseline. The
analysis of 140 coupled measurements suggested that the two
oximeters are not interchangeable in measuring both absolute
rScO; values and changes from baseline. The findings of these
studies suggest caution when interpreting, in clinical practice,
both absolute and trend rScO, values according to thresholds
identified in studies which used devices from different
manufacturers.

Most recently developed NIRS oximeters using four or more
wavelengths such as FORE-SIGHT® (CAS Medical Systems, Bran-
ford, CT) or O3™ (Masimo, Irvine, CA) are commonly regarded
(and claimed by manufacturers) as “modern” devices that measure
absolute rScO, values more accurately [80, 81]. However, this
claim is rather pretentious since “accuracy” is a feature which hardly
fits to regional oximetry, or at least is very difficult to assess [ 3, 25,
27]. In fact, unlike pulse oximetry, which measures an existing
physiological variable (i.e., oxygen saturation of arterial blood),
rScO, represents (at best) the average oxygen saturation in a small
arbitrarily chosen region of brain containing arteries and veins in a
largely variable ratio [23, 30]. In a study of 20 children undergoing
diagnostic or therapeutic cardiac catheterization, Watzman et al.
[30] found that the arterial-venous ratio measured by NIRS ranged



92

Antonio Pisano et al.

from 0:100 to 40:60 among different subjects, while as discussed
above, commercially available oximeters assume a fixed ratio of
25:75 or 30:70 for calibration. Evidently, rScO, does not exist unless
measured [25]: in other words, what is expected to be measured is
“decided” only once the sensors have been placed on the patient’s
forehead [27]. Accordingly, evaluating the accuracy of NIRS oxi-
meters by comparison with the average of arterial and venous
saturation weighted according to the fixed artery-to-vein ratio
they use for calibration, as it was done in some aforementioned
investigations [23, 80], may be misleading.

Some clinicians advocate unreliability and uselessness of cere-
bral oximetry monitoring on the basis of the occurrence of postop-
erative neurological complications such as massive cerebral
hemorrhage despite “normal” intraoperative rScO, values
[75]. However, the lack of information about areas away from the
sensors is certainly a limitation to be taken into account, but it does
not imply that NIRS oximetry is not useful as an early warning of
oxygen supply/demand imbalance at a global hemispherical level.

Finally, with regard to the lack of clear randomized evidence of
a favorable impact of cerebral oximetry monitoring on outcomes, it
was pointed out that, although the use of puise oximetry has never
shown any favorable impact on outcomes in RCTs, probably no
anesthesiologist would be willing to give up it in the operating
room [3, 36, 82].

6 Future Perspectives

Cerebral oximetry has the potential to become part of standard
perioperative and ICU monitoring [82], but maybe in the not too
near future [3]. In fact, although studies investigating its use in
many surgical and critical care settings are increasingly accumulat-
ing and, for the first time, in 2019 the topic was covered in a
national clinical guideline (Japanese Society of Cardiovascular
Anesthesiologists, JSCVA) [12], many important issues still need
to be clarified and, accordingly, should be addressed in future
investigations in order to bring the positions of “supporters” and
“skeptics” (sometimes real “haters”) closer.

First, the high road of ever larger and well-designed RCTs
aiming at showing a favorable impact of NIRS monitoring on out-
comes should be always followed. However, the recent history of
evidence-based medicine teaches us that this could be a very diffi-
cult task to accomplish. Several trials with this purpose are currently
ongoing in different clinical settings [73]. For example, Lomivor-
otov et al. are investigating the risk of postoperative complications
(myocardial infarction, stroke, delirium, POCD, wound infection,
mediastinitis, prolonged mechanical ventilation, arrhythmias, reop-
eration for bleeding, acute kidney injury, need for RRT) and
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mortality in patients undergoing high-risk cardiac surgery rando-
mized to either an intervention protocol for rScO, values <60%
(measured using a FORE-SIGHT® oximeter, CAS Medical Sys-
tems, Branford, CT) or standard therapy (http://clinicaltrials.
gov/show/NCT02155868). The estimated sample size of this
study was 120 patients. A potentially larger RCT, currently recruit-
ing, has planned to enroll 394 elderly patients undergoing major
noncardiac surgery in order to investigate the impact of cerebral
oximetry-guided management (using an O3™ regional oximeter,
Masimo, Irvine, CA) on the incidence of MOMM (http://
clinicaltrials.gov/show,/NCT03861026). The results of these and
other (smaller) ongoing trials will hopefully contribute to clarify the
potential clinical benefits of NIRS monitoring, although much
larger (multicenter) RCTs are probably needed.

Another important target of future research, maybe a little
easier to achieve, is the attempt to identity thresholds for clinically
relevant desaturations which could apply regardless of the model of
oximeter used, or at least device-specific “reference” and cutoff
values.

Finally, considered the above-discussed limitations of compar-
ing different NIRS oximeters “in vivo,” the performances of differ-
ent commercially available devices could be better assessed and
compared using experimental models and “phantoms” with homo-
geneous and known oxygen saturations [83].
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Post-Traumatic Stress Disorder Following Intraoperative
Awareness

Helene Vulser and Gaele Lebeau

Abstract

Intraoperative awareness (IA) is an anesthesia complication defined as the unexpected and explicit recall by
patients of events that occurred during anesthesia. This complication represents a potentially traumatic
event as it may lead to psychological or psychiatric consequences, such as post-traumatic stress disorder
(PTSD). PTSD is the most frequently reported psychiatric consequence of TA. However, the accurate
proportion of PTSD following IA is not known. Due to the low incidence of TA, little is known about risk
factors for developing psychiatric or psychological sequelae following IA. However, risk factors for the
development of PTSD following trauma, in general, have been extensively explored and can be applied to
TA. The common risk factors for PTSD are female gender, younger age, minority status, single status, low
socioeconomic status, low level of education, low intelligence, psychiatric history, substance abuse or
dependence, severity of the trauma, peritraumatic emotional responses, peritraumatic dissociation, lack of
social support, low perceived support following the event, history of past traumatic event(s), life stress,
childhood adversity, and family psychiatric history. PTSD symptoms may be experienced in the hours or
days following IA but can also be delayed and appear months after the traumatic event. They are variable in
duration, from a few weeks to several years. To make a diagnosis, they must be present for at least 1 month.

Although PTSD is the more frequently reported psychiatric consequence of IA, it is important to note
that other syndromal or subsyndromal mental disorders such as the acute stress disorder and the subsyn-
dromal PTSD may develop following IA. Early management strategies have to be provided in order to
reduce the deleterious outcomes of IA, including taking complaints about IA seriously and offering early
psychiatric care.

Key words Intraoperative awareness, Post-traumatic stress disorder, Acute stress disorder, Subsyn-
dromal post-traumatic stress disorder, General anesthesia

1 Introduction

Intraoperative awareness (IA) with recall represents a potentially
traumatic event. Frequently reported experiences such as paralysis,
breathing difficulty or pain may be terrifying and make the patient
think that he/she is going to die. This threatening situation may
lead to psychological or psychiatric consequences, notably
post-traumatic stress disorder (PTSD). We will review the
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psychiatric/psychological symptoms reported after IA and their
incidence. Then we will focus on risk factors and management of
such situations.

2 Psychological and Psychiatric Symptoms

2.1 PTSD Symptoms
Following
Intraoperative
Awareness

Although some patients who have experienced IA do not show any
psychological symptoms and seem to be relatively indifferent to it,
others develop severe mental health consequences. The most fre-
quently described symptoms are acute and post-traumatic stress
symptoms, such as anxiety, sleep disturbances, recurrent night-
mares, flashbacks, or hyper-arousal [1-3]. These symptoms may
constitute full-blown PTSD, a severe mental disorder that can
develop following a situation of an exceptionally threatening
nature. The experience of IA can undoubtedly be considered as
an exceptionally distressing event. As this point is a necessary
criterion to develop PTSD, the perception of a threat at the time
of TA may be a key in the development of PTSD symptoms later on
[4]. This perception may be explained by some cognitive appraisal,
such as a catastrophic interpretation of the situation, which might
be more frequent in patients with higher risk factors for PTSD
(see Section 4).

A diagnosis of PTSD requires a number of criteria to be met
among four categories of psychological symptoms: re-experience
intrusion, avoidance, negative alterations in cognition and mood,
and hyperarousal. Intrusion refers to persistent remembering or to
re-experience of the traumatic situation by intrusive flashbacks,
often leading to extreme distress. Avoidance behaviors are a conse-
quence of the distress caused by secondary exposition to anything
that reminds the patient of the event. In the case of IA, patients may
avoid medical environment associated with the trauma, such as
operating rooms, hospitals or doctors. Negative alteration in cog-
nition and mood is a new criterion that has appeared in the fifth
version of the Diagnostic and Statistical Manual of Mental Disor-
ders (DSM). It includes negative beliefs about the incompetency of
oneself and the dangerousness of the world that are commonly
reported after trauma exposure [5]. Hyperarousal refers to height-
ened anxiety and altered arousal responses and includes symptoms
such as sleep or concentration problems, hyper-vigilance or irrita-
bility. A fifth symptom, dissociation, may be present in PTSD
patients but is not mandatory for the diagnosis. Dissociative symp-
toms may appear very early after IA. They include depersonaliza-
tion, which may be described as the feeling of being a detached
observer of oneself, and derealization which is an altered perception
of the external world, which feels unreal. Dissociation may lead to
an inability to remember an important aspect of the traumatic event
(here IA). Early dissociative symptoms have been reported as an
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Intraoperative
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independent risk factor for subsequent PTSD [6] but are unfortu-
nately rarely reported in studies. Some authors have underlined the
need to better investigate post-traumatic dissociation following 1A
[6-8]. Indeed, dissociative symptoms may not only play a signifi-
cant role in determining long-term psychological disability [7] but
they might also explain why, in some cases, anxious symptoms are
reported only after two or three interviews [8] or even a month
after IA [7]. Aceto et al. [8] thus described that a dissociative state
due to awareness episode may involuntarily mask hyperarousal
symptoms of some patients.

PTSD symptoms may be experienced in the hours or days
following IA but can also be delayed and appear months after the
traumatic event. They are variable in duration, from a few weeks to
several years. To make a diagnosis, they must be present for at least
1 month. In patients with PTSD, the symptoms seriously affect
one’s ability to function in at least one main domain such as social
or occupational functioning (Table 1).

Although PTSD is the more frequently reported psychiatric conse-
quence of IA, it is important to note that other syndromal or
subsyndromal mental disorders may develop following IA.

PTSD cannot be diagnosed in the month following IA, due to its
duration criteria, but patients may experiment with acute stress
disorder, another stress-related disorder. Acute stress disorder
symptoms are close to those of PTSD but persist for at least
3 days and up to a month. This early disorder is an important risk
tactor for PTSD.

Although PTSD is regarded as dichotomous in terms of strict
diagnostic criteria, PTSD symptoms, even at a subsyndromal level,
may cause significant distress and seriously affect functioning and
quality of life [6, 10]. For example, the symptoms may be sufficient
to cause avoidance of medical settings [4] thus leading to a poorer
quality of medical care. In the review of Ghoneim et al. [2 ], the most
frequently reported symptoms were sleep disturbances (19%),
nightmares (21%), daytime anxiety (17%) and fear about future
anesthesia (20%). Unspecified “late psychological symptoms” were
reported in 22% of cases in this review. However, previous studies
had reported a higher incidence of late psychological symptoms,
ranging from 33% to 84% [11]. The most frequently reported
symptoms, in those studies too, were nightmares, flashbacks, and
anxiety. Other symptoms, such as chronic fear, indifference, loneli-
ness, and lack of confidence in a future life, have been reported less
frequently after IA (11%, 7%, 7%, and 4%, respectively) [11].
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Table 1
DSM 5 criteria for PTSD [9]

Exposure to trauma

Presence of one or more intrusive symptoms including:
® Recurrent intrusive memories of the event;
Recurrent distressing dreams related to the event;
Dissociative reactions (e.g., flashbacks);
Psychological distress to reminders of the event;
Physiological reactions to reminders of the event

Persistent avoidance of—or efforts to avoid—stimuli associated with the traumatic event, either internal
(memories, thoughts, feelings) or external (people, places, conversations, activities, objects, situations)

Presence of two or more negative alterations in cognitions and mood that are associated with the
traumatic event:

Inability to remember an important part of the event;

Persistent negative beliefs about oneself, others, or the world;

Persistent distorted beliefs about the cause or consequences of the event;

Persistent negative emotional state; markedly diminished interest in activities;

Feelings of detachment from others;

Inability to experience positive emotions

Presence of two or more arousal symptoms:
Irritable or angry behavior;

Reckless or self-destructive behavior;
Hypervigilance;

Exaggerated startle response;
Concentration problems;

Sleep disturbance

The duration of these is more than 1 month

The disturbance causes clinically significant distress or impairment in social, occupational, or other
important areas of functioning

Disturbance is not due to medication, substance use, or other illness

Specify if: with dissociative symptoms

Presence of high levels of either of the following in reaction to trauma-related stimuli:

® Depersonalization: Experience of being an outside observer of or detached from oneself (e.g., feeling
as if “this is not happening to me” or one were in a dream)

¢ Derealization: Experience of unreality, distance, or distortion (e.g., “things are not real”)

223 Other Finally, after IA, patients may feel a lack of trust in the medical staff.
Psychological or This may be due to both the IA episode per se and to the skepticism
Psychiatric Symptoms of doctors reported by some patients. For example, in the study of

Samuelsonn et al. [11], 13 of the 39 patients reported that their
awareness experiences had been greeted with skepticism. In several
case reports, the doctor’s response had an impact on the patient’s
psychological symptoms, with an association between doctors vali-
dating or supporting patients and a positive or less anxious patient
response [3]. The lack of trust in medical staff may have many
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consequences on patients’ lives, especially in those with chronic
illness who require repeated surgeries and long-term medical care.

It is important to note that there may be a wide range of other
psychological and psychiatric symptoms following IA, such as
depressive symptoms, anxiety disorders, or suicidal thoughts.
Those symptoms, notably anxiety, may emerge only after a certain
period of time, for example when new general anesthesia is

needed [4].

3 Incidence of PTSD Following Intraoperative Awareness

PTSD is the most frequently reported psychiatric consequence of
TA. However, the accurate proportion of PTSD following IA is not
known [4]. In their systematic review, Aceto et al. [8] reported a
wide range of PTSD rate across the 7 studied publications of 0 to
71%. Longitudinal evaluations of patients originally recruited for
prospective observational or interventional awareness studies have
revealed a notable incidence of PTSD. The highest rate was
reported in a small cohort of 7 IA patients in which 5 (71%) met
the criteria for the diagnosis of PTSD [7]. In this study, 2 of the
5 patients who developed PTSD reported their experience at a
30-day interview, but not at the 2- to 4-h or the 24- to 36-h
interview. In another cohort of patients who reported IA, inter-
views using qualitative approach were performed in 9 patients
approximately 2 years after IA [12]. Four of them (44%) had
PTSD that did not tend to improve with time, and two of them
required medication. PTSD rate was also high in the study con-
ducted by Osterman et al. [1] with 9 out of 16 patients (56.3%)
meeting DSM-IV diagnostic criteria for PTSD years (mean
17.9 years), years after suffering awareness. In reports drawn from
the Anesthesia Awareness Registry, Kent et al. [13] analyzed
56 patients’ self-reported persistent psychological sequelae of TA
and reported 42% of PTSD. However, medical-record confirmation
of this diagnosis was not obtained in this study. In a prospective,
multicentric, cohort study, PTSD symptoms of 35 patients who
experienced IA were compared with those of 184 patients who did
not experience IA [6]. Both the PTSD Checklist-Specific (PCL-S)
and a modified Mini-International Neuropsychiatric Interview
(MINI) telephone assessment were used to identify symptoms of
PTSD. Using the PCL-S, 43% of participants with previous IA
(versus 16% without) exceeded the screening cutoff score for
PTSD. However, PTSD rates were reported in only 14% of those
with TA (7.6% without) when the MINI was used.

Other studies have suggested that PTSD after IA is not a
significant problem. For example, in the study of Schwender et al.
[14], 3 patients (7%) among 45 who experienced IA, had devel-
oped PTSD resulting in the need for medical treatment. In a study
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of 4183 malpractice claims, entered into the ASA Closed Claims
Project between 1961 and 1995, 10% of the 79 identified cases of
IA had been assigned a diagnosis of PTSD [15]. In a cohort of
46 patients, 2 patients had persistent psychiatric symptoms and had
needed psychiatric care. Only one of these patients was diagnosed
with PTSD (2%) [11]. One important limitation of this study is the
lack of a validated instrument for psychiatric assessment. It appears
that the investigations which used not-standardized questionnaires
were those with a lesser percentage of PTSD diagnosis [8]. How-
ever, using strict Diagnostic and Statistical Manual (DSM) criteria,
neither PTSD nor other severe psychological sequelae were found
in the 5 patients assessed by Ranta et al. [16], even though the
interview was repeated at 2 and 6 months after surgery. Finally, a
recent study used a battery of psychiatric diagnostic interviews and
questionnaires to assess PTSD symptoms in 9 subjects, a median of
17.2 years after their documented IA episode and compared to
9 matched controls [17]. In this study, the authors did not report
any case of PTSD following IA. Furthermore, no difference was
found for the subsequent psychosocial outcome, other psychiatric
morbidities, or quality of life. However, these findings may be due
to the fact that the initial experiences of IA were not particularly
traumatic [18].

Several explanations may explain the observed difference
between the incidences of PTSD across studies. This difference
may be due to study design (e.g., prospective or retrospective,
presence or not of a control group), recruitment method, sample
size, sociodemographic and clinical characteristics of the cohort,
assessment of psychiatric symptoms (PTSD scales such as Clinician-
Administered PTSD Scale or PCL-S, or nonspecific structured
diagnosis interview such as the MINI or the Structured Clinical
Interview for DSM (SCID), or even no psychiatric assessment
tool), setting of the interview (by telephone, at home, in hospital,
etc.) and type of interviewer (student, psychologist, psychiatrist,
anesthesiologist, etc.). The diagnosis should be based on a
structured interview conducted by an experienced professional
[17]. The duration of the period between IA and the interview
may explain a substantial part of the differences across studies, as
the incidence of psychological reactive symptoms after a traumatic
event is higher in the first weeks and then generally decreases.
Finally, it is important to keep in mind that, in those studies,
patients with PTSD following IA may have refused the interview
to avoid reliving traumatic memories.

Considering subsyndromal symptoms of PTSD and other psy-
chological symptoms (sleep disturbances, nightmares, anxiety, fear
about future anesthesia, etc.), they have been estimated around
20-30% according to different studies [2, 11, 12]. However,
these results should be taken with caution given the lack of utiliza-
tion of standardized questionnaires and the great variability of
studied symptoms among studies.
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4 PTSD Risk Factors Following Intraoperative Awareness

Due to the low incidence of TA, little is known about risk factors for
developing psychiatric or psychological sequelac following
TA. However, risk factors for the development of PTSD following
trauma, in general, have been extensively explored and can be
applied to IA. The common risk factors for PTSD are: female
gender, younger age, minority status, single status, low socioeco-
nomic status, low level of education, low intelligence, psychiatric
history, substance abuse or dependence, severity of the trauma,
peritraumatic emotional responses, peritraumatic dissociation,
lack of social support, low perceived support following the event,
history of past traumatic event(s), life stress, childhood adversity,
and family psychiatric history [19, 20].

It is important to consider that patients who undergo multiple
surgeries are at higher risk of lifetime IA and are also more likely to
report previous trauma and /or psychiatric diagnosis at the time of
presentation [18]. For example, in one study of cardiac surgery
patients, more than 40% of the population met criteria for a psychi-
atric disorder at their preoperative baseline, including 9% of
PTSD [21].

As previously discussed, postoperative dissociation not only
increases the risk for subsequent PTSD [6] but may also theoreti-
cally lead to an initial inability to remember IA and to delayed
anxious symptoms by masking of the hyperarousal symptoms
[6-8]. In a recent study on 303 patients followed-up 2 years post-
operatively, both IA and dissociative symptoms were associated
with a higher risk of subsyndromal and syndromal PTSD. Further-
more, perioperative dissociation was identified as a potential medi-
ator for perioperative PTSD symptoms. The authors concluded
that screening surgical patients with perioperative dissociation for
postoperative PTSD symptoms could promote early referral, evalu-
ation, and treatment [6].

Perceived life threat during the trauma and emotional distress
(i.e., severity of the trauma) are major predictors of the develop-
ment of PTSD [2, 20, 22]. In case of IA, it has thus been thought
that some factors, such as pain or feeling of the inability to move,
may increase the perceived distress during IA, leading to a higher
risk of later PTSD. In the review of Ghoneim et al. [2], some
factors, such as sensation of weakness or paralysis, inability to
move, noises that were identified, hearing voices and above all
“feeling of helplessness, anxiety, panic, impending death or catas-
trophe” were indeed significantly associated with later psychologi-
cal symptoms, but pain was not. These results are consistent with
PTSD criteria, namely, that PTSD occurs in patients who experi-
enced a situation perceived as exceptionally threatening. In other
words, patients who did not report a feeling of anxiety during 1A
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are considerably less at risk of later PTSD. Long-term sequelae in
patients who did not report distress during IA have indeed been
estimated to be low, around 3%, versus 79% in those who reported
distress [4]. Distress is more common in patients who reported
pain, paralysis or breathing difficulty during IA, but is not asso-
ciated with perceived duration of IA [4]. It is thought that a
catastrophic interpretation of the situation, where the patient may
think that he is going to die or be permanently paralyzed, for
example, is thought to be central in the development of PTSD
after IA [4]. Thus, neuromuscular paralysis, by preventing the
patient from moving, may lead to the feeling of helplessness
which may increase the risk of catastrophic interpretations of what
is happening [4]. Patients with a psychiatric history, such as anxiety
disorder, or patients with maladaptive coping strategies may have
negative processes of cognitive appraisal during IA, also leading to
catastrophic interpretation.

Finally, peritraumatic emotional responses and low perceived
support following the event are factors of interest in the case of
TA. Indeed, emotional responses to a traumatic IA may be affected
by both postoperative course and doctor’s response to IA. Certain
postoperative factors, such as intensive care unit admission,
mechanical ventilation, and in-hospital cardiac arrest have been
described as risk factors for healthcare-associated PTSD [6] and
may thus increase the risk of sequelae following IA. Considering the
doctor’s response, an explanation of the IA incident may decrease
the risk of later psychiatric or psychological consequences [3]. In
contrast, the feeling of not being believed by the medical staff, or
the feeling that doctors did not consider this event as stressful as it
was perceived, are extremely stressful for the patient. There is some
evidence that doctors’ skepticism with regard to the IA experience
is linked with higher levels of anxiety in patients [3, 11].

Additional studies are needed to further explore these factors in
the development of PTSD and other psychiatric or psychological
sequelae following IA.

5 Management of Patients Following Intraoperative Awareness

First, if the medical staft suspects IA during the surgery, explana-
tions should be provided about what is happening. Some studies
have shown that paralysis or sensations of being unable to breathe
were less distressing if they were understood [23, 24]. The anes-
thesiologist should thus focus on reassuring the patient instead of
attempting to abolish memory retrospectively using drugs [4].
Postoperatively, when a patient reports an experience of IA,
explanations should be provided by medical staff. All IA reports
should be treated seriously, even when IA report is delayed or if a
true IA is unlikely for the medical staff. Indeed, perioperative
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unpleasant experiences associated with important distress may have
a severe psychological impact, sometimes reaching the same level as
in “true IA” and require the same support.

If TA is reported to someone else, it is necessary to refer the case
to the anesthesiologist responsible [4]. The anesthesiologist should
meet the patient promptly. A second meeting is also recommended
2 weeks later [4]. During these consultations, it is important to
listen carefully and empathically to the patient’s account, without
interruption or contradiction (even if there are inconsistencies).
Express regret is also helpful for the patient. This is not an admis-
sion of error or medicolegal culpability [4]. Attention should also
be paid to potential psychiatric symptoms presented by the patient
(flashbacks, anxiety, etc.). The second consultation at 2 weeks will
allow the anesthesiologist to highlight delayed symptoms that
could have appeared since the first meeting. When present, early
referral to an appropriate psychologist or psychiatrist should be
offered. When not present, the possibility of later psychological
symptoms should be explained with a general description of the
symptoms of PTSD. It is also important to explain that early
appropriate care improves the prognosis, whereas persistent symp-
toms run the risk of becoming chronic. However, referral to a
psychiatrist should be offered with caution and should not put
emphasis on putative patients’ vulnerability rather than on the
medical staff’s responsibility.

Psychological interventions include trauma-focused cognitive
behavioral therapy and eye movement desensitization and reproces-
sing (EMDR). Such interventions are commonly offered in patients
with PTSD. However, a recent Cochrane review found limited
evidence regarding their effects on PTSD in general [25]. In the
case of PTSD following IA, cognitive behavioral therapy techniques
may be useful, especially in patients who will need further medical
care or repeated surgeries. They may comprise psycho-education,
cognitive restructuring, and exposure (imaginal and in vivo)
[3]. The psychotherapist may, for example, come with the patient
in an empty operating room before another planned surgery. When
medication is preferred by the patient, or in case of ineffectiveness
of psychotherapy, selective serotonin reuptake inhibitor (SSRI)
prescription should be considered. Benzodiazepines should not
be offered to reduce symptoms in the first month after IA for
several reasons. First, there is no evidence on the benefits of such
a treatment on symptoms of traumatic stress after a recent traumatic
event. Second, benzodiazepines may slow down the time to recover
from potentially traumatic events. Third, there is a risk of depen-
dence if symptoms and treatment are continued [26].

Finally, multidisciplinary coordination (anesthesiologists, sur-
geons, and psychiatrists) is necessary to avoid the subsequent poorer
quality of medical care, as seen in other mental disorders
[27]. Indeed, the fear of future anesthesia, hospital avoidance, or
the altered trustin the medical staff may impede future medical care.
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To conclude, IA may lead to severe psychological or psychiatric
impact and alter both quality of life and future medical care. Early
management strategies have to be provided in order to reduce the
deleterious outcomes of IA, including taking complaints about IA
seriously and offering early psychiatric care.
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Mechanisms of Action of Inhaled Volatile General
Anesthetics: Unconsciousness at the Molecular Level

Daniela Baldassarre, Giuliana Scarpati, and Ornella Piazza

Abstract

The mechanism by which general anesthetics prevent consciousness remains largely unknown because the
mechanism by which brain physiology produces consciousness is yet unexplained. After its most evident
goal, to allow surgery for million people in the world, the contribution of anesthesia to science is the unique
and great opportunity to study consciousness.

General anesthetics drugs comprise inhaled volatile agents (e.g., isoflurane, sevoflurane, desflurane), and
gases (nitrous oxide and xenon) as well as intravenous agents such as etomidate, propofol, thiopental,
benzodiazepines, and ketamine. For the purposes of this chapter, because of the large number of com-
pounds, we focus on the inhalational volatile anesthetics used in modern practice and on the fundamental
question of how volatile halogenated anesthetics interact with their molecular target to produce
unconsciousness.

Pieces of evidence suggest that volatile anesthetic agents do not shut down all brain activity, but they push
the brain towards a distinct, highly specific and complex state. Interaction of general anesthetics with
cytoskeletal microtubules, membrane and soluble protein are briefly summarized in this chapter. Neverthe-
less, notwithstanding considerable advances in our comprehension of the molecular properties of anes-
thetics, much remains to be studied about the deep and complex changes which occur at the level of neural
structures during general anesthesia.

Key words Volatile anesthetic agents, Cytoskeletal microtubules, London dispersion force, GABA,
Loss of consciousness

Existence means nerve existence, that is excitability
—Gottfried Benn

1 Introduction

General anesthetics are an assorted group of drugs which induces a
behavioral state termed “anesthesia” that provides immobility,
amnesia and loss of consciousness [1]. General anesthetics drugs
comprise inhaled volatile agents (e.g., isoflurane, sevoflurane, des-
flurane, halothane), and gases (nitrous oxide and xenon) as well as
intravenous agents such as etomidate, propofol, thiopental,
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benzodiazepines, and ketamine. For the purposes of this chapter,
because of the large number of compounds, we will focus on the
inhalational volatile anesthetics used in modern practice and to the
fundamental question of how volatile halogenated anesthetics
interact with their molecular target to produce unconsciousness.

Volatile anesthetic agents have low molecular weight and non-
polar structure. All of these agents are relatively hydrophobic. The
inhaled anesthetic reversibly produces all three of the therapeutic
effects of anesthesia: amnesia, immobility and loss of consciousness,
but the ability to generate these discrete therapeutic endpoints is
not identical: inhaled general anesthetics easily affect explicit mem-
ory [2] while consciousness, evaluated by proper response to verbal
commands, is preserved in the absence of memory during exposure
to low doses of volatile anesthetics [3]. Sleep is produced by lower
concentrations of general anesthetics than those required to stop
movement in response to pain [4]. Anesthetics penetrate less on
autonomic responses than on immobility [5].

Recently, reported sites of anesthetic action have been differ-
entiated both anatomically and in terms of sensitivity to anesthetics.
Sites for immobility during anesthesia are located in spinal cord [6]
and those for amnesia largely in hippocampus [7] and amygdala
[8]. Nevertheless, sites essential for consciousness appear to be
widely positioned, particularly in thalamocortical projections but
also in networks involving intracortical, corticocortical loops, pre-
frontal cortex, and other areas [9, 10].

There is the possibility to obtain the various component of
anesthesia by different molecules used during anesthesia. Modern
anesthesia is “balanced,” with several intravenous and inhalational
agents triggering or sustaining loss of consciousness, amnesia, mus-
cle relaxation, analgesia, and anxiolysis. For example, anesthetists
often use muscular relaxing drugs which selectively inhibit neuro-
muscular transmission to cut patient movement and allow surgery
and other drugs to emphasize anxiolysis and anterograde amnesia
or provide analgesia.

Are there universal mechanisms for all general anesthetics that
can explain in which way they cause the shift between the conscious
and unconscious state? Beyond other components of anesthesia and
their already known sites of action, what are the molecular and
neuronal mechanisms that underlie this extraordinary phenomenon
of consciousness? Anesthesia gives an exclusive and intense oppor-
tunity to understand consciousness because it is quite selective, and
in fact many brain activities continue during anesthesia while con-
scious awareness vanishes. Consciousness is scantily defined and
cannot be measured but understanding anesthetic mechanisms
require considering consciousness, and vice versa.

Notwithstanding considerable advances in our comprehension
of the molecular properties of anesthetics, much remains to be
studied about the deep and complex changes which occur at the
level of neural structures during general anesthesia.
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2 Hypotheses and Theories in the History of Anesthesia

The possibility of a communication between inhalational anes-
thetics and proteins was first suggested by Claude Bernard. He
presented anesthetic gases as the cause of reversible cessation of
the organized movement of cytoplasm within the cell interior
(protoplasmic streaming). Exposing amoeboid cells to the anes-
thetic gas chloroform, Bernard found that the streaming was
ended [11]. He firmly considered the “protoplasm” as the life-
harboring substance for all living forms. Bernard, in the nineteenth
century, was responsible for establishing a unified paradigm of
anesthetic action across life forms. The “protoplasm coagulation”
theory and the following unified theory of narcosis proclaimed by
Claude Bernard were received with enthusiasm by the scientific
community.

In the twentieth century, the next major research into anes-
thetic mechanisms occurred when Meyer and Overton found a
conspicuous correlation between potency of anesthetics, and their
solubility in a nonpolar, lipid-like, “hydrophobic” milieu
[12, 13]. Since neuronal membranes carry signals, and are mostly
lipid, anesthetics were assumed to act in lipid regions of brain
neuronal surface membranes. Claude Bernard’s view was forgotten,
and a new archetype was believed. Charles Ernst Overton
(1865-1933) and Hans Horst Meyer (1853-1939) coined the
Meyer—Overton hypothesis, celebrated as a foundation stone for
anesthesia understanding [14].

In 1915, Harvey stated that n-alkanols gases reversibly
depressed the luminescence of certain marine bacteria and that
inhibitory potency correlated with #z-alkanol chain length [15];
this observation supported again the hypothesis of anesthetic inter-
actions with proteins. Because the light from marine bacteria
derives from the activity of specific enzymes called “luciferases,”
Harvey deducted that anesthetics bind to proteins and their bind-
ing cause an alteration in protein activity.

Going from protein activity to protein structure, Ostergren
hypothesized that general anesthetics exert their effects on the
lipophilic portion of proteins [16]. In the twentieth century, the
scientific community began to reunite the observations of Overton
and Meyer with those of protein target.

The turning point came from Nick Franks and Bill Lieb. They
discovered that anesthetics act straight on proteins, via weak
London force interactions in lipid-like, intraprotein nonpolar
“hydrophobic  pockets” [17]. More recently, Eckenhoff
(1915-1996) [18] considered allosteric mechanisms as the key of
the anesthetic effects: the simple existence of a general anesthetic in
hydrophobic pockets or cavities exercises its effects in the whole
protein, by fixing it in a certain conformation. In fact, normal
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proteins occupy an ensemble of functional conformations, some of
which contain hydrophobic pockets or cavities large enough to
bind anesthetics. The consequences of this drug—protein binding
are a change in protein conformation and structural effects. Never-
theless, a variety of gases bind in hydrophobic pockets of different
neural dendritic proteins, giving a variety of measurable effects but
confusing the scientific background of molecular interactions
between inhaled anesthetics and proteins. In fact, there are not
anesthetic gases that follow the Meyer—Overton correlation and
bind in hydrophobic pockets but do not cause immobility or loss
of consciousness [19] and other Meyer—Overton gases which are
predominantly excitatory and cause convulsions [20].

Up to now, mainstream anesthesia research in the early twenty-
first century is not just looking for functional and molecular
target or to conceive the most plausible theory about the action
of anesthetics but is aimed to shift the attention on a different
neurobiological view. The mechanism by which general anesthetics
stop consciousness is unknown because the mechanism by which
brain keeps on consciousness is still not completely explained.
The base to understand the act of anesthetics is to return to the
concept of consciousness. Neuroscience has no solid theory of
consciousness but during the last decade, progress in neuroscience
and neuroimaging led to real advances in the understanding of
the neural correlates of consciousness. From a neurophysiological
point of view, consciousness and anesthetic gases both act through
extremely weak London forces (a class of van der Waals forces)
in hydrophobic pockets within dendritic proteins. Straightening
out this common pathway may reveal how anesthetics operate and
also how we keep the vigilance state. We nowadays know that
anesthetics do not shut down all cerebral activities, but they induce
a shift in the brain state. This condition is a specific and complex
state, which can be studied by modern neuroimaging techniques.

In this scientific context, another unitary theory to explain anes-
thetic action is emerging: the quantum hypothesis. London forces are
weak instantaneous couplings between pairs of electron induced
dipoles (e.g., between adjacent nonpolar amino acid groups). In
normal vigilance state, endogenous van der Waals London forces
occur among nonpolar amino acid groups in hydrophobic pockets
of neural proteins and facilitate the regulation of their conformation
and then function. Quantum effects (see description in Box 1)
mediated by endogenous London forces in hydrophobic pockets of
select neural proteins may be necessary for consciousness. Based on
the new and current scientific knowledge, Stuart Hemeroft [21]
strongly supports this theory and suggests that “the mechanism of
anesthetics may be to inhibit, by exogenous London forces, the
necessary quantum states,” in contrast to Eckenhoft allosteric theory.
Which proteins are interested? Not the membrane receptor proteins,
but proteins of cytoskeletal microtubules, which allow the normal
function of synapses, primarily dendritic ones.



Anesthetics Drug Pharmacodynamics 113

Box 1 Quantum State

The term “quantum?” refers to a discrete element of energy
in a system, related to a fundamental frequency of its oscilla-
tion. This relation between energy levels and frequencies of
oscillation underlies the particle or wave duality inherent in
quantum phenomena. Neither the word “particle” nor the
word “wave” adequately conveys the true nature of a basic
quantum entity, but both provide useful and reproducible
graphic representations. Because of their oscillations, quan-
tum particles can exist in two or more states simultaneously,
and in a multiple coexisting superposition of alternatives of
these states. These quantum superpositions of states are
called “quantum bits” or “qubits” (see Fig. 1). These parti-
cles with their “qubits” have a dynamic behavior that con-
tributes to the collective constitution of a macroscopic state,
with continuous jumping from a “unitary state,” that repre-
sents the equilibrium of the macroscopically visible system,
and “reduction states,” in which this state collapses. Hamer-
off and Penrose [22] proposed that consciousness is the
product of a fundamental and universal physical feature
that is the quantum state, described above. They suggested
that the oscillations of this system derived from electron
cloud in a series of hydrophobic regions in the proteins and
their electric and magnetic waves determinate the quantum
superpositions. The protein site is the microtubule, involved
in the neural information processing, which regulates den-
dritic-somatic integrations, influences axonal firing, controls
synaptic plasticity. By its composition in tubulin dimers and
polarity characteristics, microtubule networks determinate
quantum states well “orchestrated,” resulting in an appro-
priately organized system able to develop and maintain
quantum coherent superposition, which is adequately
organized to coordinate cognitive information, capable to
integration and computation, that is to say, the conscious-
ness state.

Is this a new acceptable paradigm or is it another theory
conditioned by the main scientific discoveries of our vyears?
(Table 1).
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Fig. 1 Three-dimensional structure of GABA, receptor. Top section of the figure: the receptor associated with
the lipid bilayer; bottom: the receptor constituted by the assembly of five subunits illustrated in different colors
and consisted of two o (a1/a1), two p (B2/p2) and one y2 subunit. The extracellular portion of the receptor is
directly involved in binding drug (binding site) while the chloride ion channel across the plasma membrane is
implicated in the process of gating. Two binding sites for GABA (y aminobutyric acid) in to the interface
between the o and p subunits and the site for benzodiazepines that bind to the interface between the o and y2

subunit

Table 1

Hypotheses and theories in the history of anesthesia

Authors Date

Hypothesis

Bernard C. 1875

Overton C. E. and Meyer H. H. 1901

Harvey E.N. 1915
Ostergren G. 1944
Franks N. and Lieb B. 1984
Eckenhoff R. G. 1997
Hameroff'S. 1998

Protoplasm coagulation theory—anesthetic’s interaction with
protoplasm

Lipid solubility theory—anesthetic lipid potency correlation
Interaction with soluble proteins

Interaction with lipophilic protein domains

Anesthetic binding in hydrophobic pockets of soluble proteins
Allosteric binding theory

Unitary quantum hypothesis—microtubules theory
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3 Molecular Interaction Between Anesthetics and Proteins

3.1 The Task
of Binding Forces

Proteins function depends on their conformation: the linear chains
of amino acids that constitute a protein “fold” into its three-
dimensional conformation. The “shape” depends on attractive
and repellent forces among various amino acids: uncharged nonpo-
lar amino acid groups join together, repelled by solvent water.
These “hydrophobic” groups attract each other by not covalent
torce, and cover themselves within the protein interior. Intra pro-
tein hydrophobic pockets are composed of side groups of nonpolar,
but polarizable, amino acids. Noncovalent forces in hydrophobic
pockets determine the protein shape and its dynamic conforma-
tional changes. These types of forces, operating among amino acid
side groups within a protein, include charged interactions such as
ionic forces and hydrogen bonds, as well as interactions between
dipoles, separated charges in electrically neutral groups, the above-
mentioned van der Waals forces. van der Waals forces are dipole
couplings among close atoms or molecules. The weakest type of van
der Waals forces, known as London dispersion force, is a dynamic
interaction between two neutral, nonpolar atoms or molecules.
Adjacent nonpolar electron clouds polarize each other, inducing
temporary, instantaneous, dipoles, which attract each other.
London force attractions depend on the distance between electron
clouds since they are extremely weak but, acting collectively and
coherently, they are strong enough to regulate protein conforma-
tion in the not polar regions as hydrophobic pockets.

Anesthetic gas molecules occupy hydrophobic pockets by
forming London force interactions with not polar amino acid
groups, altering protein conformational dynamics and neuronal
functions. Franks and Lieb [17] suggested that anesthetics follow-
ing the Meyer—Overton correlation, by their mere presence in
hydrophobic pockets, prevent conformational changes. Indeed,
this explanation is not satisfactory since other molecules, which
tollow the Meyer—Overton correlation and occupy the same pock-
ets, are not anesthetic [ 19] or they are even convulsant [23], while,
on the other hand, not all the target proteins have endogenous
hydrophobic ligands [23].

Another explanation of how anesthetics occupancy of hydro-
phobic pockets may change protein conformational dynamics
derives from the allosteric mechanism [17]. As already reported,
according to Eckenhoft, the presence of anesthetics in hydrophobic
cavities blocks the proteins in one particular conformation. To bind
the anesthetic, the protein should be in a conformation which has
large hydrophobic pockets. These particular states with large pock-
ets, according to Eckenhoft, are inactive and stabilized by anes-
thetic occupancy in an inactive state. However, anesthetic-induced
structural changes are not proved remarkable [24] and the simple
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presence of molecules in hydrophobic pockets of proteins is insuffi-
cient to explain anesthesia.

Another possibility the scientists are now verifying is that anes-
thetics somehow disrupt London force interactions in some critical
hydrophobic pockets. As suggested by Hameroff and Watt in the
early 1980s [25], by forming their own London force attractions in
hydrophobic pockets, anesthetics may interfere on electron mobil-
ity required for protein dynamics while non-anesthetics may occupy
hydrophobic pockets without altering electron mobility. On the
contrary convulsant drugs may form cooperative van der Waals
interactions that increase electron mobility in excitatory
proteins [26].

4 Sites of Anesthetic Action

4.1 The Role
of Membrane Proteins

Starting from the mid-twentieth century, when Hodgkin and Hux-
ley gave a “quantitative description of membrane curvent and its
application to conduction and excitation in nerve” (1952) [27],
researchers started to look for one postsynaptic membrane protein
receptor or channel responsible for anesthetic action. The conclu-
sion of many studies, with conflicting results, is that by interfering
with global neuronal networks, anesthesia causes a controlled and
reversible loss of consciousness &y potentiating inhibitory proteins
and inhibiting excitatory ones [28, 29].

Nevertheless, it should be understood how this mechanism
works. The concept that anesthetics disrupt lipid bilayers, or act
on some other nonspecific mechanism, has been put aside, and the
research is going toward the concept that [1, 21, 30, 31] the
inhaled anesthetics work only on few receptors.

We may now list the main results about the most accredited
membrane targets of general anesthetics:

— GABA and glycine protein channels [32].
— Glutamate and acetylcholine protein channels [23].

— DPotassium channels [33].

Most anesthetics modulate receptors for GABA and other
neurotransmitter-gated ion channels at both synaptic and extrasy-
naptic sites [34]. GABA4 receptors stimulation gives a fast inhibi-
tory postsynaptic current. Volatile gases prolong this inhibitory
postsynaptic potential but also increase tonic inhibition mediated
by extrasynaptic GABA4 receptors [35].

The most important cerebral target of anesthetics is historically
recognized as gamma-amino butyric acid (GABA) receptor, mainly
placed in the cortex, thalamus, striatum, and brainstem [36]. Surely,
GABA, receptors have an important role in the anesthetic-induced
loss of consciousness, but they are more important for some general
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anesthetics than for others. Almost all general anesthetics, inhaled
gases as well as intravenous agents, play with cellular protein chan-
nels, controlling synaptic transmission, in particular to potentiate
GABA-induced Cl™ currents and, at higher concentrations, directly
activate GABA4 receptors in the absence of GABA itself. Of rele-
vance, xenon has little or no effect on GABA4 receptors [37, 38].

The binding site of the halogenated agents on the ionotropic
receptor of GABA is an allosteric site arranged in the lipid bilayer of
membrane cell. The more lipophilic molecules reach this allosteric
site more easily and the variations in structure of the halogens are
responsible for a different affinity for this binding site. Lipophilic
agents, in agreement with Overton—Meyer’s correlation, can cross
the lipid membrane and join the binding sites within hydrophobic
pockets or even intracellular domains of the receptor or others
cytoplasmatic protein how described above. The allosteric interac-
tion explains the additive effect of the various hypnotics among
themselves. In fact, the halogenated agents improve the sensitivity
of GABA receptors to their agonists; that is, evident and clinically
relevant is the strengthening of inhaled anesthetics by benzodiaze-
pines, agonists of GABA [39, 40] (Fig. 1).

Glycine receptors are inhibitory, homologous to and often
colocalized with GABA4 receptors, particularly in the lower brain-
stem and spinal cord, where they might mediate the action of
volatile anesthetics [41-43].

Anesthetics act more powerfully on GABA, and glycine inhibi-
tory receptors than on other target proteins. Some anesthetics
potentiate GABA, inhibition at concentrations below 1 mM but
inhibit GABA, effects at higher concentrations [ 18]. Genetic stud-
ies and evidence from brain-imaging have excluded an unique role
of GABA, receptors in producing anesthesia, even if they support
the hypothesis that the effects of anesthetics are mediated at least in
part through GABAergic system.

Current research has made possible to point out that other
protein targets are implicated in the anesthetic effect. Halogenated
anesthetics stabilize the acetylcholine receptors in an inactive con-
formational stage [44] but halogenated agents without anesthetic
properties receptors do not do the same effects [45]. This was
observed for nicotinic receptors, particularly the innately copious
Torpedo nAChR, that was among the first ligand-gated ion channel
models used to probe general anesthetic mechanisms [46]. Up to
now, we are far from understanding how these ubiquitous receptors
are involved in the mechanisms off loss of consciousness during
anesthesia.

Volatile anesthetics have effects on axons and dendrites and
presynaptic and postsynaptic membranes as well as on the somatic
membranes of neurons and glia. In this last structure, it was shown
that some volatile anesthetics caused the augmentation of gluta-
mate uptake into astrocytes, suggesting a rule of this neurotrans-
mitter on decreasing excitatory transmission in the brain [47].
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All these functional modifications of cortical and glial neurons
are associated with the action of ion channels at the level of the
neuronal membrane. Over the years, attention has shifted to ion
channels, first of all potassium channels. The conformational mod-
ification of these channels in an open form induces a membrane
hyperpolarization, which results in a reduction in excitatory
responses and alteration in the synchronization of neuronal
networks [48].

The biochemical research of recent decades has focused on the
anesthetic interaction with the voltage-gated ion channels. The
opening of K" channels by anesthetics was already mentioned in
the 1980s, and there is emergent evidence that K channels mediate
some of the effects of volatile agents [49]. They are two-pore-
domain K* (2PK) channels that provide “background” modulation
of neuronal excitability. There are many different 2PK subunits and
little is known about the determinant of their anesthetic-sensitivity;
five members of this channel family (TREKI1, TREK2, TASKI,
TASK3 and TRESK) can be straight activated via volatile general
anesthetics [50]. Patel et al. in 1999 proved that baseline K™ chan-
nels can be activated by various volatile general anesthetics, estab-
lishing 2PK channels as possible targets for general anesthetics
[51]. Previously, in the late 1980s Franks and Lieb [52] were the
promoters of the first characterization of an anesthetic-activated K+
current which, later was shown to be mediated by a 2PK channel
[53]. Anesthetic activation of 2PK channels inhibit neuronal activ-
ity by either hyperpolarizing the membrane and/or increasing the
membrane conductance, thus reducing the effects of excitatory
currents.

Other ion channels that are sensitive to anesthetics are voltage-
gated Na* and Ca®* channels, very important for excitability and
synaptic transmission. Various researchers identify presynaptic Na*
channels as relevant anesthetic targets for volatile anesthetics
[54, 55]. From current literature, come to light that inhibition of
Ca®* channels by inhaled anesthetics might be relevant but it is still
unclear.

But we returned to the starting point. Is there any single
interaction that can explain the global neuronal effect of inhaled
anesthetics on consciousness? The same question applies to all
interactions between anesthetics molecules and specific neural
receptors.

After the Franks and Lieb’s discover that anesthetic action in
lipid-like hydrophobic pockets of proteins, the prevalence of evi-
dence indicate the hydrophobic pockets included in many brain
proteins as primary targets of anesthetic effects. Relatively few
proteins have hydrophobic pockets large enough for anesthetics,
approximately 15% of neural proteins as described by Eckenhoff
et al. in their “Multiple specific binding targets for inhaled anesthetics
in the mammalian brain” (2002) [56]. Furthermore, drugs effect
is not equal to drug binding.
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Since Bernard experimented that anesthesia resulted from revoca-
ble “coagulation” of cellular proteins, the research attempted to
demonstrate which intracellular proteins were involved in the com-
plex mechanics induced by anesthetics. Protoplasmic streaming
depends on polymerization cycles of the cytoskeletal protein actin
and we now know that anesthetic gases depolymerize actin in
dendritic spines in neurons [57]. Actual evidence, from genomics
and proteomics investigations, points to anesthetic action in den-
dritic interiors proteins [58, 59] after many years of focusing on
neuronal membrane proteins. Anesthetics act inside the dendrites,
via both metabotropic receptors, including Glutamate and GABAg
receptors, and directly on cytoplasmic proteins [60, 61]. Volatile
anesthetics bind cytoplasmic protein kinase C, adenylate cyclase,
second messenger G proteins, postsynaptic density proteins, actin
in dendritic spines, and tubulin in microtubules [18, 62]. In this
contest, great importance is given to the role of cytoskeleton, manly
constituted by microtubules and actin. Along with actin and other
cytoskeletal structures, microtubules establish cell shape, direct
growth, and organize neuron functions.

It is important to consider that microtubules are made of
tubulin; anesthetics weakly bind to tubulin, which is indeed
extremely represented inside the cells [63]. Proteomic analysis of
genetic expression following binding demonstrated that some gases
functionally act through protein involved in neuronal growth, pro-
liferation, division and communication [64], all microtubule-
dependent functions. Studies about genetic expressions of neural
proteins in animals show that expression of some soluble proteins,
including tubulin, changed following gases anesthetics exposure,
while genetic expression of membrane proteins was not
affected [65].

Murine brain studies showed alterations in tubulin genetic
expression for several days after halogenated anesthetics exposure
[58, 59]. Recent discoveries have shown that microtubule instabil-
ity is associated with postoperative cognitive dysfunction and sepa-
ration from protein tau (same as in Alzheimer’s disease) and
microtubules [22, 66, 67]. Microtubules can influence axonal fir-
ings to implement behavior, they can regulate synaptic plasticity
and act as guides for motor proteins transporting synaptic precur-
sors from cell body to distal synapses [68, 69].

Using computer modeling, it has been demonstrated the anes-
thetic bind in hydrophobic channels within tubulin [48]. These
hydrophobic channels associate with those in adjacent tubulins, to
create macroscopic “quantum channels” and collective dipoles
through microtubules and neurons [48, 70]. In such quantum
channels, anesthetics can inhibit electron mobility and disperse
dipoles [25, 71, 72], and these activities could stop cognitive
activities essential to consciousness [73] (Fig. 2).
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Fig. 2 Tubulin dipoles and anesthesia. Internal cytoskeleton structure of a neuron with section of a microtu-
bule, cylindrical polymer built on thousands of tubular dimers, constituting a polarizable electron dipole with
electric properties. Electron dipoles (schematized at the right top as hexagonal structures) are coupled by van
der Waals London forces (instantaneous dipole-induced dipole attractions between electron clouds) and
oscillate in relation to their neighbors, in each direction (left and right in the figure). Superposition of all states
results in quantum balance that yields stable, definite biomolecular coherence (Quantum state). Anesthetic
gas molecules (A) form their own (van der Waals London force) dipole couplings, dispersing jointly dipoles and
disrupting their collective effects

5 Further Research Perspectives

My brain? It’s my second favorite organ
—Woody Allen

Multiple molecular pathways to anesthesia are present in our
brain; different anesthetics can use one or more of these pathways
to produce anesthesia and particularly the loss of consciousness.

Researchers are still actively searching a unitary mechanism of
anesthesia. Altering collective oscillations in microtubules has been
suggested as a profitable research pathway by Craddock and
Hemeroft, in order to understand how inhaled anesthetics suppress
consciousness and then the mechanism by which brain determines
consciousness. No one of the molecular targets recognized up to
now can, by itself, explain the loss of consciousness. Nevertheless,
microtubules appear a promising field of study: modeling and
measuring their electrostatic and conductive properties has been
proposed by biophysics scientists. Quantum computers and algo-
rithmic models to elucidate the role of quantum mechanics are the
future steps in the study of anesthesia.
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Intravenous Hypnotic Agents: From Binding Sites to Loss
of Consciousness

Daniela Baldassarre, Filomena Oliva, and Ornella Piazza

Abstract

All the intravenous hypnotic drugs important for clinical anesthesiology reversibly unsettle functional brain
networks, in order to undermine the information transfer on which consciousness depends. Three classes of
intravenous hypnotic drugs are the most used nowadays: the carboxylated imidazole derivate propofol, the
short-acting benzodiazepine midazolam, and the barbiturates, which show action on GABA4 Receptors,
potentiating gamma-aminobutyric acid (GABA) action. The dissociative agent ketamine, instead, mainly
exerts its effects by reversibly blocking the activity of N-methyl-p-aspartate receptors while the most recent
dexmedetomidine is an alpha-2 adrenergic receptor agonist. Nevertheless, other receptors are also involved
in anesthesia determining, that is voltage-gated and ligand-gated ion channels and it is probable that each
intravenous hypnotic agent alters neuronal activity acting at different levels and at multiple sites in a way not
yet entirely clear.

Key words Propofol, Midazolam, GABA, GABA, receptors, Ketamine, Dexmedetomidine

1 Introduction

Several intravenous hypnotic agents, as well as volatile compounds,
lead to the common expression of unconsciousness but only par-
tially through the same molecular action. Intravenous hypnotic
agents currently in use include the carboxylated imidazole derivate
propofol, which replaced the old etomidate, the short-acting ben-
zodiazepine midazolam, and the barbiturates. These three classes of
hypnotic drugs show a prevalent and demonstrated action on
gamma-aminobutyric acid class A (GABA,) receptors, potentiating
GABA action, while the still used dissociative agent ketamine,
unlike the other intravenous agents, do not act primarily through
the potentiation of GABA transmission but mainly exerts its effects
by reversibly blocking the activity of N-methyl-p-aspartate
(NMDA) receptors. To the aforementioned drugs, the most recent
alpha 2 adrenergic receptor agonist dexmedetomidine was recently
added. In spite of structural, pharmacological and neurobiological
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differences, all the hypnotic drugs important for clinical anesthesi-
ology, reversibly unsettle functional brain networks in order to
undermine the information transfer on which consciousness
seems to depend [1]. It is not eftectively clear how outstanding
complex and dynamic cognitive functions actually come out from
the interactions of these brain networks, but the reduced efficiency
in these information neural integrations has been proposed as the
main feature of intravenous hypnotic drugs induced unconscious-
ness [2], even if it is unclear whether this conclusion can be
generalized to anesthetics with different molecular targets. Many
anesthetic mechanisms have been proposed to be responsible for
generating the state of general anesthesia, but none of them actually
can explain alone how molecular actions modify brain function.

2 The Molecular Mechanism Underlying Intravenous Hypnotics Action

2.1 The Development
of the Receptor
Binding Goncept

All components of the most important families of ligand and
voltage-gated ion channels and their many subtypes studied until
now are involved in the bond with the intravenous general anes-
thetics, including the most well know and important GABA4 recep-
tor [3] and Glycine receptor channels [4], NMDA Glutamate
receptors [5], Nicotinic acetylcholine receptor (AChR) [6] and
the novel ATP-gated P2X receptor cation channel (P2X) receptors
modulating presynaptic release of some neurotransmitters [7]. A
part of clinically important general anesthetics like propofol, mid-
azolam, and barbiturates positively modulate the function of
GABA4 receptors through interactions with their transmembrane
domains but there are also hypnotic drugs that have no or little
effect on GABA receptor and they produce unconsciousness as
well. The thing even more interesting is that none of the current
clinical general anesthetics are selective for a single receptor or
voltage-gated ion channel and at clinical concentrations, every
anesthetic modulates the function of more types of protein compo-
nents in the central nervous system. Many of other systems are also
influenced by intravenous anesthetics agents with no involvement
of cerebral functions designate to produce unconsciousness but it
could be not otherwise considering that the presence of ion chan-
nels for example, that is most known molecular target of an intra-
venous anesthetic, is widely diffused in human cellulose. The
diversity of the binding sites involved reflects the enormous struc-
tural variability of the anesthetic compounds and the effects pro-
duced by each of the bonds at the molecular level on
unconsciousness establishment are still not clear. The actual knowl-
edge steer towards a convenient conclusion that all of the sites of
action implicated, to a greater or lesser extent, leading to an
extended disruption in the exchange of substantial brain informa-
tion as demonstrated for some of these drugs [8]. Understanding
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which mechanisms underlie the interaction between intravenous
hypnotic agents and their molecular targets is a noteworthy current
challenge that can give an important contribution to the knowledge
of the mechanism underlying the still obscure constitution of con-
sciousness but it also can give the possibility to improve the speci-
ficity of the drugs used or to synthesize other drugs in this sense.
Current research oriented to discover the crucial binding site that
determinate only the effect which the hypnotic agents are used for,
take into consideration the development of the receptor concept in
the last few years. The capacity to bind a macromolecule by a drug
does not allow automatically classify as a receptor because of drug
binding receptor is not equivalent to drug effect. Propofol, for
example, shows a pronounced binding for serum albumin follow-
ing intravenous administration but there is no direct effect on
consciousness from this interaction despite affinity [9]. The recep-
tor is defined as a binding site with a functional correlate [10] and it
corresponds to a small and specific fraction of the total amino acid
sequence of the protein. Diverse hypnotic drugs have the capacity
to modulate the function of the same receptor through allosteric
interactions because of the multiple distinct binding sites on the
same macromolecules. It has already been known that on GABA,
receptor there are binding sites in transmembrane interfaces that
are a one of a kind modulator sites without established ligands or
rather an exclusive site for some precise hypnotic agents [11]. The
study on the structure of the Glycine receptor showed that specific
amino acid residues known to bind some anesthetic drugs were in
close proximity each other [12] forming a distinctly evident cavity
within each of the four-helix bundle transmembrane domain sub-
units of this receptor [13]. The aim of many electrophysiology,
photolabeling, and molecular modeling studies is to identify the
exact molecular structure of these folding sequences and the align-
ment of the amino acid that assembles the allocations for any
anesthetic drugs inside the three-dimensional structure of macro-
molecules. These cavities could be located in either intra-subunit or
inter-subunit surface within the transmembrane part of the recep-
tor but also in the extracellular domain or in the pore as for the
cationic ion channels. These types of receptors have shown a link
with anesthetic drugs too but many technical difficulties for their
isolation in different conformational states make less clear their
rule. The argument is even more difficult because of their wide
distribution practically in every human tissue.

The physicochemical properties of these performed protein cavities
in which anesthetic compounds accommodated revealed a very
complex binding structure. As the inhaled anesthetics, described
elsewhere, also the intravenous agents show weak binding interac-
tions with their specific receiving pockets [14]. These weak chemi-
cal interactions have in themselves the nature of reversible bond
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forming hydrogen bonds and other intermolecular forces [15], as
reversible is the anesthetic effect. Some actual molecular models
clarify the amphiphilic nature of the anesthetic binding sites. This
means that the bonds of the anesthetic compounds with these
three-dimensional cavities, otherwise called crevices, are deter-
mined by hydrophobic and hydrophilic types of interactions and
not just hydrophobic as described for many years. Recognizing the
real nature of the anesthetic binding sites gives reason to those who
have tried to explain, for more than 20 years, the action and
potency of several agents that not obey the Meyer—Overton corre-
lation [16]. The access of hypnotic agents to the amphiphilic cav-
ities does not happen only by dissolution in the phospholipid
bilayer correlated with the compound’s lipid solubility, as supposed
by Meyer—Overton hypothesis, but also by other nonlipophilic
accesses [17]. Actually, one of two well-known binding sites of
propofol on GABAA receptor is located in the transmembrane
region [18] and the other is a pocket quite near the extracellular
domain [19] whereas the benzodiazepines act exclusively on a
binding site on the extracellular side [20]. This knowledge, though
still incomplete, on the one side complicate an already heteroge-
neous scene, but on the other side slowly materialize the concept of
specificity of action of each of these drugs at the molecular level as
unique and specific is the clinical effects that they produced.

From multiple molecular targets to neurobiological effect. The
current results point out the great variability of molecular targets
implicated in a bond with the intravenous hypnotic agents
[21]. The GABA receptors have been studied over the years and
the role of receptors type A in the anesthetic effects is indisputable.

Propofol bind GABA,4 receptor directly activating GABAergic
inhibitory activity in the brain and at lower intravenous concentra-
tions it can enhance the receptor action when GABA or other
ligands are bonded on it [22]. The ability to bind this type of
receptors is not possessed by all the hypnotic drugs used indeed
some of them have no GABAergic action at all, and besides, others
act on more than only one target. Binding sites on different glycine
receptor subunits have been identified for propofol [4], as well as
on the nicotinic acetylcholine receptors (nAChRs) [23] despite
controversies about the role of these molecular targets on brain
functions at the base of loss of consciousness. The review of years of
investigations confirms the molecular bond of propofol also on
voltage-gated ion channels, first of all, and confirmed by molecular
modeling, on subfamilies of sodium channels that are crucial for
setting membrane neuronal potential and the initiation and propa-
gation of action potentials in the brain [24]. The recent discovery
of the action of propofol on kinesins, fundamental motor proteins
expressed in the brain on the microtubules, refers to the hypothesis
already advanced for volatile anesthetics of mechanistic support for
the anesthetic state [25]. As is common knowledge ketamine binds



Mechanisms of Intravenous Anesthetics 129

more than one binding sites on many other neuronal receptors. It
has distinct pockets on the NMDA receptor reducing neural exci-
tation of this neurotransmitter circuits and therefore modulates the
inhibitory interneurons in a reversible way [26]. Among its many
effects on other several molecular targets, the role on NMDA is still
the most investigated and it takes into account as the determiner in
controlling consciousness. It is not negligible the action of keta-
mine on subtypes of cationic channels that have an important role
in governing neuronal excitability and synaptic transmission among
brain networks, first of all, some family of hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels that are
expressed in nervous system implicated into hypnotic action
[27]. Currently, anesthesiologists use drugs that can induce uncon-
sciousness in a reversible way without truly knowing how they act at
the neuronal level. The example of this paradox is the use in the
clinical practice of barbiturates drugs for more than a century, now
widely substituted by propofol and benzodiazepines with less prob-
ability of overdose and addiction, without really knowing their
molecular targets. Only recently some data acknowledge the nature
of the bond between barbiturates and a cavity on some macromo-
lecules through electrostatic interaction, hydrogen bonds and van
der Waals forces whit with reversibility feature [28]. The same
uncertainty overshadows dexmedetomidine in use since the
90 years when was described its role on a subtype of alpha 2 recep-
tors in the central nervous system and his alteration in transmem-
brane potassium conductance resulting in indirectly suppressing
neural firing [29, 30]. Its therapeutic use for the prevention of
postoperative and intensive care unit delirium has aroused the
interest toward the action of dexmedetomidine on GABA4 recep-
tors and indirectly the inhibitory pathways [31]. Based on a study
conducted with magnetic resonance imaging, Hashmi et al. high-
lighted how dexmedetomidine severely influences the efficiency of
information exchange between neuronal networks [32]. They sup-
port the hypothesis now most influences the scientific opinion that
unconsciousness is depended on a downturn in the ability for
efficient information transmission in the brain [33]. Comparable
results have been obtained for various hypnotic drugs with diverse
molecular action as ketamine [34] and propofol [2, 35]. This view
complies with the concept that consciousness is the expression of a
global organization of the central nervous system and their neural
circuits [36], and seems to agree with the multiple features of the
hypnotic agents used to induce in the end the same pharmacologi-
cal alteration on it. It is as if each compound, with its distinctive
molecular action, weakens the complexity of cerebral interactions
or the neural connectivity in specific brain regions depending on
the circuits that they interrupt [37]. The topic is very complex and
the debate on the global state of consciousness is uncertain and not
yet completely convincing because of state of consciousness is
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composed of different higher brain functions with various degree of
multidimensional states [ 38]. Sanders and his colleagues [39] sup-
posed that some brain functions as consciousness, connectedness
with environment and responsiveness unfastened during general
intravenous anesthesia and depended on drugs used or different
doses of the same compound. It has been observed that low con-
centration of propofol-induced unresponsiveness to verbal com-
mand and subcortical = structures become functionally
disconnected but the consciousness might remain operative in
some degree [40]. At higher concentrations of propofol, the corti-
cal connectivity was interrupted as though a global impairment of
neural information integrations [ 35, 41]. The responsiveness is not
a measuring of consciousness in the same manner as the disconnec-
tion consciousness from the environment is not equivalent to
unconsciousness. It has been proposed for each of these neuronal
abilities the involvement of own neuronal circuits and molecular
targets during the use of hypnotic drugs at different doses. The
high cholinergic tone in the cortex, for example, may underlie
dreaming, a state of disconnected consciousness as Sanders defines
it [42], in both sleep and anesthesia [43]. A cholinesterase inhibi-
tor, physostigmine, provokes the return of consciousness in
patients sedated with propofol [44]. As well as administration of a
muscarinic antagonist, scopolamine, seems to prevent dreaming in
patients under propofol anesthesia [45]. The correlation between
the degree of involvement of the various molecular targets and the
modulation of different neuronal circuits producing unconscious-
ness remains unclear. A lot of data exists and there are many
advanced technologies that allow the identification of binding
sites of intravenous hypnotic agents but the physiology of con-
sciousness still remains without concrete explanation as well as the
actions of these drugs on the brain.

3 Conclusion

Discussions of the molecular mechanism of intravenous hypnotic
drugs have been dominated for decades by the view that enhance-
ment of the activity of GABA, receptors is the most important
component, perhaps the only component, of the mechanism of
unconsciousness. It is clear that some intravenous general anes-
thetics and, as described elsewhere, inhaled agents too, have little
or no effect on GABA receptors. It is commonly known that other
receptors are also involved, as a variety of voltage-gated and ligand-
gated ion channels connected with neuronal conductance and
influencing functions of brain networks. Each different intravenous
hypnotic agent alters neuronal activity acting at different levels and
at multiple sites. Current models describe cavities on the macro-
molecules with amphiphilic features that bind the hypnotic agents
and act in a way that is not yet entirely clear.
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Abstract

Aging is a physiological condition involving progressive degenerative modifications and loss of functionality
in all organ systems. In general, aged patients are frail and sensitive to anesthesia and surgery. Clinical
practice indicates that being more sensitive to anesthetic drugs and more susceptible to the side effects,
elderly requires usually lower doses to reach the clinical anesthesia. This is mainly associated with the
significant changes in pharmacokinetics (and pharmacodynamics) occurring with advancing age. However,
how the dose-response relationship is affected by age should be better defined. This chapter focuses on the
main changes that physiologically occur with age, how these changes affect organs and systems, and their
impact on anesthetic care. The agents used in general anesthesia are discussed in detail with particular
emphasis on aspects concerning the dose, safety, and efficacy of their use in the elderly. Moreover, we
highlight some recent preclinical evidence on the use of general anesthetics in aged animals.

Key words Pharmacology, Elderly, General anesthetics, Side effects, Pharmacokinetics

1 Introduction: Age-Related Physiological Changes

It is expected that the elderly population, which includes people
aged 65 and over, is destined to increase progressively. In Europe
the current population of elderly will increase from 20% to 25% in
2030 and 30% in 2050.

Aging is a physiological process associated with progressive
degeneration of the structure and function of tissues and organs
over time [1]. The aging process includes changes of physiology on
three types of processes: (a) homeostatic mechanisms, such as body
temperature and fluid volume regulation, (b) decrease in organ
mass, and (c) functional reserves of the systems of the body.
These functional reserves are extremely important for the indivi-
dual’s ability to face challenges such as trauma or surgery.
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1.1 Cardiovascular
System

1.2 Nervous System

The aging process is highly complex and variable. It depends on
numerous factors such as lifestyle, inheritable factors, and chronic
diseases and is influenced by a wide range of external factors, such as
microorganism exposure, exercise, pollutants, diet, and ionizing
radiation. Indeed, elderly patient population ages differently, a
large proportion of them is functionally independent suffering of
milder chronic diseases, appropriately treated. A consistent part of
elderly individuals instead shows coexisting diseases, such as ath-
erosclerosis, heart failure, diabetes, chronic obstructive lung dis-
ease, kidney or liver impairments and cognitive decline. Normally, a
physiological reduction in function of organs and systems occurs
with age, although the amount and the rate of the progression
differ between body systems within the same individual and
between individuals.

Changes in the heart functionality with aging are generally caused
by collagen proliferation affecting myocardial layers and vessels.
Arterial wall thickening, smooth muscle tone increases and matrix
composition changes with increased glycosylation reactions induce
vessel stiffening. These anatomical changes decrease diastolic com-
pliance as well as increases pulse pressure. There is a reduced
responsiveness to the stimulation of adrenergic receptors (notwith-
standing an increase in circulating catecholamines) and a reduced
response of baroreceptors and chemoreceptors. These changes lead
to functional alterations that determine pathological conditions
such as atrioventricular conduction defects, systolic hypertension,
calcification of the aortic valve, diastolic dysfunction, up to heart
failure. Moreover, the compensatory response to erect posture
mediated by plasma renin activity and the response of sodium
restriction mediated by aldosterone are reduced, or even absent.

The amount of brain neurons is remarkably reduced in elderly with
a decrease which is an approximately of 20%. As a result, the size of
the brain tends to shrink and brain areas such as substantia nigra,
striatum, hippocampus, locus coeruleus, and the cerebral cortex
tend to atrophy. The concentration of main central nervous system
neurotransmitters, including serotonin, catecholamines, and ace-
tylcholine, decreases in elderly with consequent effects on mood,
memory, and motor function. The loss of autonomic, sensory, and
motor fibers reduces afferent and efferent conduction rates and
causes denervation and muscle atrophy. Parasympathetic system
activity decreases and sympathetic system activity increases with
aging. The increase in sympathetic nervous system activity aug-
ments in turn vascular resistance and, paradoxically, reduces the
response to stimulation the f-adrenergic receptors.
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1.3 Renal and
Urinary System

1.4 Respiratory
System

1.5 Skeletal System

1.6 Gastrointestinal
System

1.7 Hepatic System

Aging reduces renal cortex affecting the volume weight and whole
size. The number of glomeruli of kidney is reduced together with
glomerular filtration rate (GFR) which results decreased until to
50% in 80 years old subjects. The hardening of the renal vessels, the
accumulation of increased quantities of nephrotoxic substances and
ischemic damage increase the risk of renal failure. Dysuresia, polla-
kisuria, and urinary incontinence are main urinary system impair-
ments associated with elderly.

The deterioration of collagen and elastic fibers of the lung tissue
that occurs with age reduces the elasticity and the ability of the
lungs to spread. The loss of elastic fibers at the alveolar level favors
the collapse of the alveoli and terminal bronchioles, reducing effec-
tive lung volumes [2]. Aging also reduces PCO, in arterial blood,
expiratory volume and velocity, and airway cilia motility, thus
compromising defense mechanisms. An increase in dead space,
weakening of respiratory muscles, and diaphragm stiffening,
which altogether contribute to reduce respiratory efficiency, are
also observed in the elderly.

Bone mineral density decline is a consequence of calcium and
protein level decrease in elderly. The reduction in bone mass is
mainly observed in female due to the fall in estrogen levels. Osteo-
blast degeneration and irregular bone resorption or deposition are
due to biochemical changes. Cell degeneration obstacles the cell
communication and consequent lipofuscin deposition induces
necrosis. The reduction of bone mineral density affects mainly the
bottom of the radial bones, femoral neck, and spine which may
easily fracture. Furthermore, the deterioration of joint cartilage
causes wear and loss of elasticity compromising the motor capacity
of joints.

Age-related alterations in the structure of gastrointestinal tract
cause changes in neuromuscular, absorptive and secretory function
of the bowel. Functional alterations in absorption and secretion are
mainly found in the stomach and small bowel. Reflux and achalasia
are primarily associated with neuromuscular impairment of the
upper gastrointestinal tract. Structural changes distally in the
colon are responsible of age-related diverticula.

Aging also reduces the volume and blood perfusion of the liver.
Interestingly, there is a loss of hepatocytes and an increase in the
mean cell volume as an adaptive mechanism of the remaining cells.
The synthesis of coagulation factors and several proteins can be
reduced without altering, however, the baseline function. A
decrease in cytochrome P450 enzymes can instead reduce the
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ability of the liver to metabolize drugs increasing the risk of adverse
reactions. A lowering in immune responses against pathogenic
microorganisms or cancer cells in the elderly may predispose to
viral hepatitis and development of hepatocellular carcinoma. The
impairment of dendritic and regulatory T cell differentiation may
instead predispose to autoimmune liver diseases [3].

Apart from the several physiological changes in main body
systems (Table 1) geriatric population assumes several drugs,
often more than 5 drugs a day. The intake of several drugs a day
is called polypharmacy. Polypharmacy is associated with high risk of
drug interactions and adverse reactions. These in turn cause a
reduction in the compliance.

Table 1
Physiological changes in elderly in the main body systems

System Changes

Cardiovascular Reduced cardiac output
Reduced baroreceptor activity
Reduced peripheral resistance

Renal Reduced renal blood flow
Reduced glomerular filtration
Reduced tubular secretion

Nervous Reduced neuron density
Reduced reflexes
Reduced sympathetic responses

Respiratory Reduced lung capacity
Reduced peak airflow and gas exchange
Weakening of respiratory muscle
Reduced vital capacity
Reduced tidal volume
Increased residual volume

Gastroenteric Reduced gastric emptying
Reduced gastrointestinal motility
Increased gastric pH
Reduced intestinal blood flow

Hepatic Decreased liver volume
Decreased blood flow
Decreased cytochrome P450 activity

Skeletal Loss of calcium
Reduced collagen synthesis
Decreased bone mass
Increased bone fragility
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2 Pharmacology in the Elderly

2.1 Pharmacokinetic
Implications

2.1.1 Biometric
Parameters

Age increases sensitivity to anesthetics and the risk of adverse reac-
tions. Thus usually lower doses are required to reach the desired
clinical outcomes. This is mainly due to the significant pharmaco-
kinetic (what the body makes to the drug) and pharmacodynamic
(what the drug makes to the body) changes occurring with advanc-

ing age (Fig. 1).

Generally, for a given dose of drug, the blood concentration and
the volume of distribution (Vd) are inversely related. Drug phar-
macokinetic is strongly affected by the aging. Compared with
young, aged patients show an increase and a decrease of adipose
tissue and body water, respectively. The Vd of lipid drugs, which is
augmented in fat patients, generates an enhancement of their elim-
ination half-life with a significant pharmacological impact specially
after repeated or continuous dosing (i.e., midazolam). On the
other hand, old patients show reduced total body water, and this
effect may be something aggravated by the usage of diuretics.
Hence, hydrophilic drugs which have a small Vd and high plasma
concentration can generate a greater pharmacologic effect with
aging (i.e., morphine). Anesthetic drugs are often bound to plasma
proteins, in particular albumin, whose concentration is fairly
decreased in the elderly. Thus, free fraction of drugs with highly
protein binding, that is, propofol, can be significantly higher,
though its clinical relevance is probably limited.

Pharmacokinetics Pharmacodynamics

Body water Body fat  Protein Receptors  Drug-target
binding changes interaction

Reduced doses required
More adverse effects

/ Multiple comorbidities  {Liver function \
4 Polytherapy JKidney function \
Adherence

Fig. 1 Pharmacokinetic and pharmacodynamic modifications occurring with
advancing age. Aging-associated biometric and physiological modifications
result in altered distribution volume and clearance. Quantitative and functional
alterations of receptors may be responsible for altered pharmacological effects
and more adverse effects
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2.1.2 Hepatic
Metabolism

2.1.3 Renal Elimination

2.2 Pharma-
codynamic
Implications

Metabolism of the drugs in the liver is divided into two different
phases (I and II). The phase I reactions consist of hydrolysis,
oxidation, reduction which are catalyzed by cytochrome P450
(CYP) enzymes, while the reactions of phase II consist of chemical
conjugation with substrates which change the phase I metabolites
into a more polar products. Only the phase I seems to be affected by
aging. Reductions in blood perfusion and liver mass decreasing the
metabolic capacity of drugs are observed with age. The clearance of
drugs such as ketamine, flumazenil, morphine, and fentanyl is
decreased up to 30—40% in older patients [4].

During elimination, many drugs, including anesthetics, undergo
glomerular filtration and reach the renal tubules. Lipophilic com-
pounds can be reabsorbed whereas hydrophilic metabolites are
excreted. The glomerular filtration rate is affected by the age,
together with the renal blood flow, by impacting on the pharmaco-
logical effects (Table 1). As a consequence, the half-life of drugs
mainly eliminated through renal system increase promoting the risk
of toxicity.

Quantitative and functional alterations of receptors, which are
targets of anesthetic drugs, in the brain, may be responsible for
altered pharmacological effects, together with toxicity, in elderly
patients. Specific changes in N-methyl-p-aspartate (NMDA) recep-
tors, which is the target of several anesthetics, have been associated
with advancing age [5, 6]. Moreover, alterations in y-aminobutyric
acid (GABA), receptors could at least partly, explain the aug-
mented effects at given dose of benzodiazepines (i.e., diazepam
or midazolam) or propofol [7-9] in the elderly.

3 Anesthetics Management

Elderly patients require special consideration for anesthesia. Since
the pharmacokinetic and pharmacodynamic, as well as the response
to drugs, change with aging, the choice of anesthetic drugs should
reflect such modifications. Diminished cardiac output together
with a late clearance in aged patients contributes to the slow
drugs onset and prolonged clinical effects. Thus, it is essential to
titrate drug dosage and to use short-acting drugs, also to avoid
possible anesthetic overdose. Moreover, elderly patients assume
usually several drugs which can complicate the anesthetic manage-
ment. The possibility of drug interactions affecting metabolism and
the end effects must be considered when arranging the anesthetic
strategy.
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3.1 Benzodiazepines

3.2 Muscle
Relaxants

3.3 Opioids

3.4 Inhalation
Agents

They are commonly used in premedication to obtain anxiolysis,
anterograde amnesia and sedation; however, long-acting com-
pounds (i.e., diazepam) are considered potentially inappropriate
in geriatric patients because of possible secondary effects, including
respiratory depression and hypotension. Because of their increased
activity in the elderly, low doses of short- or intermediate-acting
benzodiazepines are considered safer and more eftective (i.e., mid-
azolam). The perioperative use of midazolam (and other benzodia-
zepines) is also associated with post-intervention sedation and
confusion until postoperative delirium [10-12], which may pro-
mote the risk of falls and ensuing fractures [13].

Muscle relaxants in elderly patients have generally a delayed onset
of action, owing to a decrease in cardiac output and muscle blood
perfusion. Because of the decrease in body water, muscle relaxants
which are highly hydrophilic, exert greater effects in elderly than
that in younger patients. The duration of action and recovery index
are increased in elderly (i.e., atracurium, mivacurium, rocuronium).
For above reasons, the onset time of succinylcholine is prolonged,
on the other hands, pseudocholinesterase expression might be
altered by aging. Drugs which undergo hepatic or renal excretion
(i.e., vecuronium) may show an increase in the half-life. The use of
sugammadex, able to neutralize the rocuronium-mediated neuro-
muscular blockade, is particularly useful in the elderly [14, 15].

In the elderly hypersensitivity to morphine is mainly due to altered
pharmacokinetics. Compared with young patients, morphine Vd is
decreased by 50%, together with a reduced elimination of its active
metabolites, morphine-3- and morphine-6-glucuronide, due to the
decrease in glomerular filtration. Thus, the initial dose of morphine
should be reduced. Fentanyl is commonly used perioperatively. It
shows a rapid onset in part due to its lipophilicity. Aging decreases
fentanyl dose requirements up to 50% [16]. Remifentanil under-
goes a rapid metabolization by nonspecific esterases, resulting in an
ultrashort duration of action. Mild or severe hypotension associated
with bradycardia may be observed after bolus injection of remifen-
tanil in the elderly, who are also more prone to the hypnotic eftects
of remifentanil.

Sevoflurane and desflurane are the low-soluble inhalation anes-
thetics which offer as clinical advantages for long surgical proce-
dures a faster induction and recovery over isoflurane [17]. There
are not studies indicating geriatric-specific problems that would
limit the usefulness of both, desflurane and sevoflurane, in the
elderly. In particular, desflurane shows a more rapid wash in and
washout than the other inhalation agents. From a clinical point of
view, the washout rate translates into a shorter reawakening time of
50% compared to that observed with isoflurane, which is an impor-
tant advantage for a faster recovery [14, 18].
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3.5 Propofol Propofol is the medication most commonly used for inducing
anesthesia in surgical patients in the USA. Propofol dose require-
ment in the elderly population should be reduced by as much as
50%. Indeed, according to the manufacturer’s recommendation its
dose used for induction must be decreased in elderly patients from a
recommended dose of 2-2.5 to 1-1.5 mg/kg [19]. Due to its
narrow therapeutic index, the use of propofol in old patients is
potentially associated with severe adverse reactions, such as the
risk of bradycardia, hypotension, and severe apnea. However, a
recent large size retrospective study (» = 17,540 patients aged
>65 years) showed that despite this finding, the dose of propofol
for induction was not independently associated with a greater
30-day mortality rate [20]. On the contrary, Reich et al. [21]
suggested that propofol induction should be avoided in the geriat-
ric population, especially in patients with baseline low blood pres-
sure and hemodynamic instability.

4 Preclinical Evidence

The term postoperative cognitive decline or dysfunction refers to a
wide spectrum of clinical conditions featuring a decline in a variety
of neuropsychological domains including memory, executive func-
tioning, and speed of processing emerging week to months after
anesthesia and surgery [10]. Although it represents a fascinating
field of study, the clinical studies on the use of anesthetics in the old
individuals are conflicting, due either to the fact that anesthetics are
rarely administered in the absence of surgery or dissociation
between  neuropathology  and  manifesting  symptoms
[22-24]. Theretore, the preclinical evaluations are necessary to
better understand the molecular mechanisms underlying the pro-
blems related to general anesthetics in the elderly.

Small animals (murine and canine) are commonly used in pre-
clinical research to reproduce pathological diseases because of their
high similarity in anatomy and physiology with humans
[25-29]. The anesthesia assures paralysis, analgesia and reduces
stress during several experimental procedures. In laboratory ani-
mals the anesthesia is problematic for different reasons, such as
small body size, fast metabolic rate, and the hypoglycemia and
hypothermia states. It is more important considering, as it happens
among humans, that individual variation plays a key role in phar-
macokinetics and therapeutic response.

In general, genotype, age, sex, body composition, and diseases
must be well evaluated for the choice of the anesthetic procedure.
The age of the animals can affect the anesthetic metabolism. For
example, mice older than 18 months metabolize anesthetics less
efficient than adults due to senescence-related pathologies such as
cardiac, hepatic or renal alterations. A similar condition is observed
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4.1 Main Anesthetics
in Preclinical Research

in mice younger than 8 weeks that present immature hepatic enzy-
matic system and reduced homeostatic function [30]. Obesity, fre-
quent in old rodents, also raises the risk of surgical and anesthetic
complications. Indeed, obese mice display altered distribution of
lipophilic drugs and hepatic dysfunctions that are responsible for
hypoventilation and hypoxia post-anesthesia [31]. Animal models
that reproduce several human pathologies, such as myocardial
ischemia, diabetes mellitus, or cancer, have shown that specific
anesthetic protocols are required. For example, transgenic mice
that lack the gene for neuropeptide Y receptor type 2 (NY2), that
is involved in cognition, show high body weight and increased
sensitivity to pentobarbital [32].

Anesthetics used in laboratory can be either injectable or inhaled,
based on the administered drug property and on experimental
method. Although inhaled anesthetics allow rapid recovery, fast
adjustments, and ensure a simple maintenance of a steady anesthetic
depth, injectable anesthetics are preferred for small animals, due to
the easy administration, the minimal equipment and the safer pro-
file than inhalator anesthetics. Moreover, injectable anesthetics
agents have the potential of reversibility by pharmacological antag-
onism. Generally, pre-anesthetic care is applied to reduce the occur-
rence of complications that can take place during anesthesia and for
avoiding stress-during induction and recovery. In particular, atro-
pine has been used in pre-anesthesia to minimize bronchial secre-
tions and to prevent vagal inhibition of the cardiac rate. In mice a
single administration of the drug is reccommended to prevent stress
caused by multiple injections. The injection volume should be
carefully considered based on the route of administration
[33]. The most used injectable anesthetics in rodents include tri-
bromoethanol (TBE), ketamine and pentobarbital, which are often
combined with other agents, such as xylazine, acepromazine, or
diazepam. The anesthetic effect of TBE, which lasts for 15-30 min
and is associated with a good muscular relaxation, is unpredictable
in old mice, in obese or diabetic mouse models, and in strains with
genetic vulnerability to hyperglycemia state such as the C57Bl/6]
[34]. Pentobarbital together with thiopental represent the two
most popular short-acting oxybarbiturate. They inhibit the release
of noradrenaline and glutamate by binding to GABA,4 receptor
[35]. Augmented responses to pentobarbital administration, in
terms of sleep period and loss of reflexes, have been recorded
between selected strains of mice [36, 37].

An increasing number of studies describe the age-related func-
tional changes in the body systems that may interfere with drug
effect. These include lack of drug responses, mainly due to the
altered GABAergic tone. Indeed, extracellular GABA concentra-
tion and presynaptic levels of the glutamic acid decarboxylase
(GAD), the GABA synthesizing enzyme, resulted downregulated
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across the auditory cortex (AC) in aged rodents [ 38—40]. Changes
in NMDA receptor subunits have been also found in sub-regions of
the cerebral cortex and hippocampus in old mice [41]. Propofol is
the most used intravenous anesthetic for long-lasting sedation in
veterinary medicine and basic research. It provides rapid, smooth
recovery and shows little analgesic effects. As in humans, the initial
dose of propofol should be reduced in aged animals. The successful
use of propofol and remifentanil combinations, administered by the
intraperitoneal route, has been described for anesthesia in rats [42].

Drugs as ketamine and tiletamine induce a pronounced analge-
sic effect with a wide safety margin. Ketamine is often combined
with o, agonist xylazine for improving the quality of anesthesia
while reducing adverse reactions [43].

In spite of the larger use of injectable anesthetics, inhalation
anesthesia is usually preferred for prolonged procedures. The most
commonly used inhalation anesthetics for laboratory animals are
nitrous oxide and halogenated anesthetics (halothane, isoflurane
and sevoflurane, etc.). Isoflurane is the most used for surgical
operations regardless of the time required for surgery because it is
characterized by short induction and recovery times. Sevoflurane is
characterized by an induction and recovery of anesthesia even faster
than isoflurane, but like isoflurane or halothane, it presents the risk
of dose-dependent respiratory depression and hypotension
[30]. Such effects are even exacerbated in old animals. Emerging
evidence show that inhalant agents beside typical side effects (respi-
ratory depression, myocardial depression, vasodilation, and hypo-
tension), also exhibit a negative impact on the development of
neurodegenerative diseases. In particular, preclinical studies sug-
gest that inhaled anesthetics may facilitate the risk of Alzheimer’s
disease [44, 45]. Transgenic mice have been developed to repro-
duce clinical markers of Alzheimer’s disease such as beta-amyloid
accumulation (plaque), neurofibrillary tangles and cognitive dys-
function. Previous studies on the neurotoxicity induced by anes-
thesia [44, 46] found that in old transgenic Tg2576 mice, the
exposure of subminimum (0.8%) isoflurane or halothane concen-
tration in the alveoli exhibited an increase in amyloidopathy, greater
in halothane-exposed mice than in isoflurane-exposed mice
[47]. Moreover, significant behavioral changes in learning and
memory were observed in isoflurane exposed mice respect to the
aged littermate mice [48]. Although these findings clearly demon-
strate that isoflurane may be neurotoxic, there have been many
reports about the neuroprotective effects of isoflurane [49, 50].

It is possible that isoflurane, and perhaps other anesthetics,
depending on the dose- and time of exposure can have dual effects:
induction/potentiation or attenuation, of neurotoxicity. More
recent results have reported a greater safety of desflurane and
nitrous oxide anesthesia compared to isoflurane and sevoflurane.
In vitro experiments showed that both two anesthetics failed to
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induce APP processing and Afplaques generation [51]. These data
are consistent with behavioral studies showing that desflurane did
not induce cognitive impairment in mice, differently from
isoflurane [52].

Overall these findings indicate that minimizing anesthetic
exposure in old animals might be important. At the moment,
none of the animal models reproduces the human age-related
functional changes with high fidelity, but at least they permit to
establish less dangerous anesthetic, the vulnerability of critical age
and to draw mechanistic hypothesis. Possible interactions between
anesthetics and other drugs or pathophysiological situations are
confirmed in preclinical studies. Therefore, further investigations
need to be addressed for new advances in anesthetic techniques to
achieve the maximum effect with minimal side effects related to the
old age.

5 Conclusions
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Propofol Effects in Breast Cancer Cell Progression:
Evidences from In Vitro Studies
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Abstract

Propofol (2,6 diisopropylphenol), belonging to the class of intravenous anesthetics, is largely used as a
sedative-hypnotic agent in humans, outlined by lower toxicity and fast resumption from anesthesia. This
anesthetic possesses multiple properties by which it exerts many biological functions. Particularly, due to its
antioxidant and anti-inflammatory features, many in vitro studies suggested that propofol could have direct
inhibitory or promoting effects on cancer cells proliferation, by influencing their activities, especially for
breast cancer cells.

In this chapter, we summarize and describe these studies trying to elucidate the molecular mechanisms
underlying the roles of propofol in breast cancer progression. Data emerged from these research works
suggest that this anesthetic has different effects on breast cancer cell proliferation depending mainly on
breast cancer heterogeneity.

Key words Propofol, General anesthesia, General anesthetic, Intravenous anesthetic, Breast cancer,
Apoptosis, Proliferation, Cancer progression, Cancer migration

1 Introduction

Breast cancer is the most prevalent form of tumor in women and a
cause of their death worldwide, due to its higher invasiveness and
metastatic potential [1]. Independently from the early (I or II) or
the advanced stage of disease (III or IV), surgery represents the first
line of treatment for breast malignancy, although the survival rate is
lower especially after a metastatic or local recurrence [2, 3]. Ditfer-
ent clinical studies proved evidence that some anesthetics, intrave-
nous or volatile, applied in surgery on patients with breast cancer,
could affect their fallout [4-6]. Importantly, compared to volatile
anesthetics such as isoflurane, desflurane, and sevoflurane, propotol
may have a better effect on oncological patients” outcomes. More-
over, many preclinical studies supported the hypothesis that pro-
pofol is able to affect breast cancer cell migration and invasion, by
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Fig. 1 Molecular mechanisms underlying the effects of propofol on breast cancer. (a) The cartoon shows the
antitumor effects of propofol, thought an impairment of cell migration (| NET-1), proliferation (| NF-xB), and
invasion (]MMPs) and (b) the protumor effects of propofol by an enhancement of proliferation (TNrf2) and
migration (]Ca®*) and F-actin rearrangement) and apoptosis inhibition (| p53, and | caspase-3). Abbreviations:
NET-1 neuroepithelial cell transforming gene 1, MMP metalloproteinase, NF-xB nuclear factor kappa-light-
chain-enhancer of activated B cells, Nrf2 nuclear factor erythroid 2, 1 upregulated, | downregulated.
caspase-3])

acting on different molecular pathways [7-14] (Fig. 1). In this
chapter, we summarize and describe these studies trying to eluci-
date the molecular mechanisms underlying the roles of propofol in
breast cancer progression. Data emerged from these research works
suggest that this anesthetic has different effects on breast cancer cell
proliferation, depending mainly on the heterogeneity of breast
cancer. Furthermore, the other aim of this work is to offer sugges-
tions for translational research and perspectives.

2 Propofol: An Intravenous Anesthetic with Multiple Biological Proprieties

Propofol represents one of the principal intravenous anesthetics.
Experimental pieces of evidence suggested that it may have many
potential biological roles in the regulation of breast cancer progres-
sion [15]. Interestingly, propofol is also able to affect the immune
system, mainly by regulating the functions of natural killer cells
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(NK) which represent significant players in the regulation of cellular
resistance to cancer, particularly at metastatic stage [16]. Specifi-
cally, it has been proved that propofol is able to improve the
activities of NK cells in cardiomyocytes [17] and breast cancer
cells especially after surgical procedures [18], thus potentially
reducing tumor invasion and metastasis formation, through regu-
lation of the beta (f)-adrenoreceptor-mediated signal transduction.
Moreover, propofol could enhance the cytotoxic T lymphocytes
activity, and, in turn, potentiate the antitumor immunity
[19]. Additionally, it has been shown that propofol is able to
activate the T-helper cells and to promote the differentiation of
T-helper 1 cells, by increasing the ratio of interferon ¢ (IFN-c)/
interleukin-4 (IL-4) and the expression of CD28 in lung cancer
patients subjected to pulmonary lobectomy [20]. Regarding breast
cancer cells, a recent study suggested that propofol may suppress
tumor development and metastasis in MCE-7 cells by inhibiting the
expression of IL-6, IL.-8 and Cyclooxygenase 2 (COX2) (detected
by Western blotting analysis) [21].

Most interesting findings concerning propofol effects other
than its anesthetic proprieties come even from clinical investiga-
tions. Several clinical retrospective studies [22, 23] proved that
compared to sevoflurane anesthesia, propofol administration was
associated with a lower incidence of chronic pain after breast cancer
surgery, although the underlying mechanisms remain still unclear.
Concerning cancer outcomes, as reported by several retrospectives
[5, 6, 24] and perspective [25-28] clinical studies in surgical breast
cancer patients, propofol (compared to volatile anesthetics, e.g.,
sevoflurane) could prolong the survival rate and diminish the cancer
recurrence rate, although these shreds of evidence need to be
strongly potentiated and verified.

Again, a growing body of evidence from preclinical studies
demonstrated that propofol is able to modulate the malignancy of
many types of cancers [29] including those affecting the colon
[30, 31], the pancreas [32, 33], and the lung [34-36] by acting
on different molecular pathways. Altogether, these findings
strongly suggest that propofol could have different antitumor
effects on cancer cells.

3 The Effects of Propofol on Breast Cancer Cells Progression: A Controversial Issue

Different preclinical studies indicate that propofol, at high concen-
trations, has an inhibitory or a promoting role in breast cancer cells
progression, depending mainly on the diversity of breast cancer
[7-14]. Notably, breast cancer can be classified in different subtypes
at histopathological and molecular levels. Specifically, on the basis
of the histological features of breast cancer cells, such as growth,
and cell morphology, this disease can be classified in up to
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3.1 The Promoting
Role of Propofol on
Breast Gancer GCell
Proliferation

Table 1

21 distinct histological subtypes [37, 38]. This diversity has signifi-
cant prognostic outcomes. On the other side, four principal sub-
types have been identified at a molecular level from the presence or
not of the progesterone receptor/PR, or the estrogen receptor/
ER, or by higher levels of human epidermal growth factor receptor
2 (HER2+/HER2-) [39,40]. Moreover, breast tumor represents a
complex pathology including different disorder outlined by distinct
pathological and biological features, clinical appearance, reply to
treatments, and fallout [41].

As reported by Li et al. [15] many in vitro studies have been
conducted to establish breast cancer cell lines (about 51), which
have been used to study the principal antitumor effects of different
substances (as a drug, natural compounds) on cancer cells [42].
Depending on the type of breast cancer cells used and on the
different experimental conditions, several preclinical studies high-
lighted a direct effect (inhibitory or promoting) of propofol on
breast cancer cells, by acting on different molecular pathways. Due
to the clinical relevance of the matter, the discrepancy on these
results represents a controversial issue which will be necessarily
solved.

Few preclinical evidence highlighted a promoting role of propofol
in breast cancer initiation and progression (Table 1). The first study
on this topic was reported by Garib et al. [12] on MDA-MB-468
cells treated with anesthetics at clinical relevant concentrations
(propofol 3, 6,9 mg/L, etomidate 2, 3, 4 mg/L, and lidocaine
1.25, 2.5, 5 mg/L for more than 10 h). Specifically, the authors

The promoting effects of propofol on breast cancer cell progression

Breast cancer Time of
cells Dose incubation (h) Effects, molecular mechanism References
MDA-MB-468 3,6,9 Up to 10 Propofol enhanced migration and [12]
mg/L morphology of breast cancer cells
MDA-MB-468 6 ug/L Propofol activated GABA-A receptor leading [13]
to an increased intracellular calcium
concentration, to actin reorganization and
to an increased migration of breast cancer
cells; [Ca®*]1
MDA-MB-231 2-10 Up to 12 Propofol enhanced proliferation and [14]

Hg/mL

apoptosis of breast cancer cells; Nrf27,
p53], caspase-3]

GABA gamma-aminobutyric acid, Ca®* calcium ions, N7f2 nuclear factor erythroid 2, 1 upregulated, | downregulate
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studied the effects of different anesthetics on the migration of
MDA-MB-468 cells. Data showed that propofol, as lidocaine but
not etomidate, enhanced the migratory behavior (detected with a
three-dimensional collagen matrix using time-lapse video micros-
copy and computer-assisted cell-tracking) of breast cancer cells in a
dose-dependent manner. Moreover, in a subsequent investigation,
the authors demonstrated that propofol affected the architecture
pattern of the F-actin cytoskeleton (detected by Confocal scanning
microscopy) of these cells and increased the intracellular level of
calcium, an effect reversed by verapamil (an L-type calcium channel
blocker) [13]. Probably, propofol was able to enhance the locomo-
tion of breast cancer cells, by activating the gamma-aminobutyric
acid (GABA)-A receptor chloride channels, although this remains
still to be proved by other in vitro and in vivo studies. Accordingly,
Meng et al. [14] demonstrated that propofol (2-10 pg/mL)
enhanced cell proliferation (detected by Cell proliferation assay)
and migration (detected by Wound healing assays) of MDA-MB-
231. These effects were associated with inhibition of p53 expres-
sion and cell apoptosis (detected by Western blotting analysis and
TUNEL assay) and activation of the nuclear factor erythroid
2-related factor 2 (Nrf2) pathway. Taken together, these findings
suggest that propofol, at clinically relevant doses, has protumor
effects on breast cancer, by acting on different molecular
mechanisms.

On the contrary to those previously reported, accumulated shreds
of evidence showed that propofol has antitumor effects on breast
cancer, mainly by inhibiting cell proliferation and migration
(Table 2). The first evidence was reported by Siddiqui et al. [10]
on MDA-MB-231 propofol-treated (25 pM) cells in combination
with fatty acids docosahexaenoic (DHA) or eicosapentaenoic acid
(EPA). Data emerged from this study showed that the lipid com-
pounds formed by the conjugation of propofol and DHA
(propofol-DHA), and propofol and EPA, (propofol-EPA) were
able to inhibit the cell migration (detected by cell migration
assay) and adhesion (detected by cell adhesion assay) and to induce
significant apoptosis (detected by apoptosis and cytochrome ¢
release assays) within MDA-MB-231 breast cancer cells compared
to the unconjugated compounds DHA, EPA or propofol. Overall,
these findings suggest that the propofol-DHA and propofol-EPA
compounds may be used for research on breast cancer treatment.
Later on, Li et al. [7] demonstrated that propofol played an
antitumor role in breast cancer cells. Specifically, MDA-MB-231
cells were treated (from O to 24 h) with propofol (2-10 pg/mL)
and then tested in vitro for migration (detected by Wound-healing
assay) and invasion (assessed by transwell assay). Data showed that
propofol was able to restrain the locomotion of MDA-MB-231
cells, mainly by inhibiting the production and the expression of
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Table 2

The inhibitory effects of propofol on breast cancer cell progression

Breast Time of
cancer incubation
cells Dose (h) Effects and molecular mechanism References
MDA-MB- Propofol (25 pM) 4-24 Propofol-DHA and Propofol-EPA [10]
231 DHA (25 pM) induced the apoptosis and inhibited
EPA (25 pM) the proliferation in breast cancer cells
Propofol-DHA more than are the unconjugated
(25 pM) parent compounds DHA, EPA, or
Propofol-EPA propofol
(25 uM)

MDA-MB- Propofol (2-10 mg/ 0-24
231 mL)
TNF-a (50 pM)

MDA-MB- Propofol (1-10 pg/
231, mL); bupivacaine
MCE-7 (0.5-100 pg/mL)

MDA-MB- Propofol (25, 50, and 24
231 100 pmol/L)

MDA-MB- Propofol (10 pM) 6
435

MCE-7 Propofol (10 pM) 048

Propofol inhibited the migration and  [7]
the invasion of breast cancer cells
MMP-2 |, MMP-9|, NF-x B|, IKK-B]

Propofol inhibited the invasion of breast [8]
cancer cells
NET-1|

Propofol inhibited the migration and [43]
the invasion of breast cancer cells
H19|

Propofol enhanced the apoptosis of [44]
breast cancer cells
miR-24 |, p277, cleaved caspase-37

Propofol inhibited the proliferation and [45]
epithelial-mesenchymal transition of
breast cancer cells. Moreover,
promoted the apoptosis
miR-21, p537, Wnt/p-catenin |, PI3K/
AK|

DHA fatty acids docosahexaenoic, EPA eicosapentaenoic acid, MMP-2 metalloproteinase-2, MMP-9 metalloproteinase-
9, NF«Bnuclear factor kappa-light-chain-enhancer of activated B cells, IKK-f inhibitor of nuclear factor kappa-B kinase
subunit beta, miR-21 micro-RNA 21, miR-24 microRNA-24, PI3K/AK phosphoinositide 3-kinase/protein kinase B, T

upregulated, | downregulated

matrix metalloproteinase (MMP)-2 and -9 (detected by Western
blotting and ELISA analysis) which are involved in the develop-
ment of metastasis. Moreover, the authors showed that propofol
downregulated the expression of MMPs by affecting the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-xB)
pathways. Specifically, propofol reduced the phosphorylation of
inhibitor of nuclear factor kappa-B kinase subunit beta IKK-f
(detected by Western blotting analysis) and the activation of
NF-xB (detected by EMSA). Finally, the downregulation of
MMP-9 (detected by Western blotting analysis) induced by treat-
ing MDA-MB-231 cells with propofol (5 pg/mL for 4 h) was
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lowered by the pretreatment with tumor necrosis factor-o (TNF-a,
50 pm) which commonly activates NF-kB. Altogether these find-
ings strongly suggest that because propofol is capable to act on the
principal pathways involved in the regulation of proliferation and
migration of cancer cells, it could be considered a valuable thera-
peutic agent for the treatment of breast cancer. Similar data were
reported by Ecimovic et al. [8] in a fascinating study on the inhibi-
tory role of propofol on the migration of breast cancer cells. In this
investigation MDA-MB-231 (ER--) and MCF-7 (ER+) cells were
treated with propofol (1-10 pg/mL) and bupivacaine
(0.5-100 pg/mL), and then were tested for their functions (cell
proliferation assay, cell migration, and invasion assay). Results indi-
cated that propofol was able to inhibit only the migration and not
the proliferation of both cancer cell lines; the effect was obtained
through a downregulation of neuroepithelial cell transforming
gene 1 (NET-1), mainly in MDA-MB-231 cells. Of note, NET-1
is expressed in breast adenocarcinoma cell line, enhancing exces-
sively their migration and progression. The propofol-induced inhi-
bition on cell migration was counteracted by silencing NET-1,
which in this way can be considered a mediator between the pro-
pofol and the breast cancer cell function. Interestingly, propofol
inhibited invasion of MCE-7 but not of MDA-MB-231 cells, while
no eftects on functions of both cell lines or NET-1 expression were
detected in cells treated with bupivacaine.

Subsequently, Bai et al. [43] illustrated that propofol (25, 50,
and 100 pmol/L for 24 h) inhibited the migration and invasion
(determined by wound-healing and transwell assays, respectively)
of MDA-MB-231 cells by altering the expression of H19 (detected
by RT-PCR). Recently, Yu et al. [44] reported that propofol
(10 pM for 6 h) promoted the apoptosis (determined by TUNEL
staining and flow cytometry) of MDA-MB-435 cells by acting on
micro-RNA (miR)-24/p27 signal pathway (determined by
RT-PCR and Western blotting analysis). Specifically, through the
downregulation of miR-24, the upregulation of p27 and of cleaved
caspase-3 induced the cell death in breast cancer cells. Similar
results have been recently reported by Du et al. [45]. In this
study, the authors investigated the effect of propofol on prolifera-
tion and epithelial-mesenchymal transition (EMT)—a crucial
biological process involved in the embryogenesis and in the cancer
progression in which epithelial cell assume a mesenchymal cell
phenotype and, in turn, acquire enhanced migratory capacity, inva-
siveness, and elevated resistance to apoptosis—of MCE-7 cells.
Data showed that propofol (0-10 pg/mL) inhibited the prolifera-
tion and migration (determined by Proliferation and Transwell
assays) of MCF-7 cells while induced apoptosis (determined by
apoptosis assay). In particular, propofol reduced EMT (determined
by Western blotting analysis and qRT-PCR), through the deregu-
lation of miR-21 which, in turn, influenced phosphoinositide
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3.3 Propofol and Its
Effect on Pretreated
Breast Cancer Cells

3-kinase/protein kinase B (PI3K/AKT) and Wnt3a/B-catenin
pathways (determined by Western blotting analysis and
qRT-PCR). Overall, these findings suggest that propofol could be
considered an innovative therapeutic agent for breast cancer
treatment.

Several experiments were conducted by using the serum from
breast cancer patients subjected to different types of anesthesia in
order to test its effects on breast cancer cell lines [46—48].

In a fascinating study, Degan et al. [46] assessed the effects of
different anesthetic techniques on breast cancer cell proliferation
and migration by treating MDA-MB-231 cells with serum (10%)
from breast cancer surgery patients subjected to either sevoflurane /
opioid anesthesia—analgesia (GA) or propofol and paravertebral
block anesthesia (PPA). Data showed a significant decrease in cel-
lular proliferation (not detected in cell migration) of MDA-MB-
231 cells treated with serum from PPA patients compared to the
groups of cells treated with serum from GA. This underlines that
differences in anesthetic procedure could alter the proliferation of
breast cancer cells by altering the serum molecular profile of breast
cancer patients, although the underlying mechanism remains to be
explored.

In a subsequent study Jaura et al. [47] investigated the effect of
serum (2-10%) from breast cancer surgery patients (24 h post-
surgery) randomized to receive distinct anesthetic techniques
(GA or PPA), on apoptosis of MDA-MB-231 cells. Data showed
that serum from GA patients reduced apoptosis in MDA-MB231
cells more than the serum from PPA patients. Later on, Buckley
et al. [48] tested the effects of anesthetics on NK cells anticancer
function of serum from patients receiving PPA or GA anesthesia.
Data showed that the serum from the PPA group significantly
induced HCC1500 cells apoptosis, form the serum of the GA
group. Moreover, an upregulation in NK cells in CD107a expres-
sion was detected in the serum from the PPA group.

Altogether these findings suggest that regional anesthesia
could be preferred to opioids and volatile agents in the surgical
procedure to diminish perioperative residual disease. Additional
research will be necessary to shed light on this important issue.

4 Future Perspectives and Outcomes

In this chapter, we highlight the roles of propofol on breast cancer
biology. Despite few studies reported protumor effects in breast
cancer, mainly depending by the blown heterogeneity of the dis-
case, the majority of the literature suggests that this intravenous
general anesthetic, at high concentrations, has antitumor effects on
breast cancer cells. Although these findings come from preclinical
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investigations, their potential clinical impact in term of cancer
patients’ outcomes is of huge interest. Propofol may exert its
anticancer activity by modulating different molecular pathways
that to date are not completely dissected. However, despite encour-
aging, these results lack of consistency and cannot be translated into
clinical practice. Thus, there is a need for more preclinical and
clinical studies (a) to dissect the molecular mechanisms underlying
the effect of propofol on breast cancer taking into account of the
large heterogeneity of this disease; (b) to evaluate the anesthetic in
on other cell lines; (¢) to elucidate the effects of anesthetics (e.g., on
the immunity) by using in vivo models; (d) to cover the unavail-

ability of prospective clinical trials.

Results from these research works will be helpful to clinicians to
select the most appropriate anesthetic for breast cancer treatment,
with the aim of reducing the risk of worsening its progression.
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Postoperative Cognitive Function Following General
Anesthesia in Children

Maiko Satomoto

Abstract

Research into the developmental effects of anesthetic use began from the study of the fetal and postnatal
effects of maternal alcohol consumption. Broadly speaking, alcohol is an anesthetic of sorts, and its toxicity
as such has been firmly established: there is a consensus on the danger of alcohol to children as the warning
label on every can of beer reminds us. Furthermore, studies using rodents have largely confirmed the
toxicity of anesthetics on the developing brain. Although some human retrospective observational studies
have found anesthetics to be toxic while others have not, as mentioned earlier the difficulty of assembling
cohorts with matching backgrounds has rendered interpretation of the results difficult. To date, two large-
scale human studies have been conducted; the preliminary findings of one of these demonstrated no
apparent effect of the short-term use of anesthetics on healthy children. Against this, we have the warning
issued by the FDA and based on the results of the animal studies and retrospective observation studies,
which applies to all anesthetics and sedatives besides alpha-2 agonists, as previously described: the extended
or multiple use of these agents in children younger than 3 years of age or in fetuses during the third
trimester may adversely affect brain development. In light of the foregoing information, the clinician is left
to ponder the very serious question of which anesthetic procedures to use with pediatric patients. Given the
state of our current knowledge, the answer to this question must be to shorten exposure as much as possible
and to limit the dosage to strictly appropriate quantities. The prevailing view at present is that short-term
exposure of healthy children to anesthetics has no adverse eftects on brain development.

Key words Anesthetics, Neurodegeneration, Brain growth spurt, Brain development, Cognitive
impairment, Children

1 Introduction

Research in this field began with the study of fetal alcohol syn-
drome. Previous human studies have reported characteristic cogni-
tive and facial features of infants resulting from excessive maternal
consumption of alcohol during pregnancy [1, 2]. The brain is
primarily affected, and an association between excessive maternal
alcohol consumption and depression and mental disorder in off-
spring has also been observed [3]. The neurotoxic effects of alcohol
consumption appear leave their mark during the period of brain
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development corresponding to synaptogenesis. This period is also
known as the brain growth spurt (BGS) and is generally thought to
occur between the third trimester of pregnancy and 3 years of age in
humans, and in the first 2 postnatal weeks in rodents [4]. Not only
maternal alcohol consumption but also exposure to toxins, external
trauma, and hypoxia are known to produce similar neurological
sequelae on brain development in offspring [5]. Administering
MK801, an NMDA antagonist, to 7-day-old rats reportedly
induced apoptosis in brain cells [6]. Similarly, administering etha-
nol 2.5 g/kg twice to 7-day-old rats also reportedly induced wide-
spread apoptosis of brain cells [7].

Many anesthetic agents work either as NMDA antagonists,
GABA agonists, or as both [8]. It is also well known that alcohol
has NMDA-antagonistic and GABA agonistic effects [7, 9]. This
similarity instigated research into the effects of anesthetic agents on
brain development, a topic which continues to be of considerable
interest to clinicians.

2 Results of Animal Experiments

Animal experiments investigating the neurotoxic effects of anes-
thetic agents on developing brains using mice, rats, guinea pigs, and
rhesus monkeys began to be conducted with increasing frequency
from 2000 [10-14]. Differences due to variations in concentration
and exposure time were found in the effects of the anesthetic agents
tested using animal models; however, with the exception of dexme-
detomidine, an alpha2-agonist, neurotoxic effects on developing
brains were established for all inhalation anesthetics including
nitrous oxide, isoflurane, sevoflurane, and desflurane, as well as
for intravenous anesthetics including midazolam, propofol, keta-
mine, and thiopental [8, 10-34]. Moreover, a number of these
studies established the long-term effects of neurotoxicity on
learning by testing the affected offspring after rearing them to
adulthood [8, 16, 27, 35—40].

3 Human Retrospective Observational Studies

Here we will consider a number of human retrospective observa-
tional studies which have also investigated the effects of anesthetic
agents on developing brains. The first of these was a retrospective
birth cohort study which conducted by the Mayo Clinic from 1976
to 1982 and enrolling 5357 cases [41], which found that in
593 children who received an anesthetic agent before 4 years of
age, the hazard ratio of the risk of cognitive impairment resulting
from anesthetic administration did not increase among subjects
who received an anesthetic only once, but rose to 1.59 for subjects
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Fig. 1 The ratio of the number of children who underwent anesthesia when
4 years old or younger to subsequent learning impairment. The bold line
indicates children who underwent anesthesia two times or more. The rate of
learning impairment is clearly higher for this group than for those who never
underwent anesthesia or did so once only (see ref. 41)

who received an anesthetic two times, and to 2.6 for subjects
receiving an anesthetic three or more times (Fig. 1). Of those
who received an anesthetic only once, the rate of leaning
impairment was 20% (showing no significant difference with the
non-anesthesia group); for those who received it two or more
times, the rate rose to 35% with a corresponding change in the
hazard ratio to 1.56 after 2 h under anesthesia. The second study
enrolling 243 patients who underwent urological surgery before
6 years of age found that the rate of aberrant behavior was higher
among those who underwent surgery when 2 years old or younger
than among those who underwent surgery when 2 years old or
older [42]. The third study enrolling 383 subjects who had under-
gone inguinal hernia surgery when 3 years old or younger showed a
2.3 times higher rate of developmental behavioral abnormalities
than the background-matched control group [43].

Among studies reporting no difference, a Dutch study enroll-
ing 1143 monozygous twin pairs found a decrease in learning
ability until 3 years of age among subjects who had received an
anesthetic when 3 years old or younger compared to the
non-anesthesia group. However, the same study found no signifi-
cant difference between twins [44]. A Danish study of 2547 sub-
jects who had undergone inguinal hernia surgery when 1-year-old
or younger showed equivalent learning test results between the
anesthesia and non-anesthesia groups when the subjects were
15 years old [45]. In the fourth study [46] enrolling healthy sub-
jects who had received general anesthesia when 1-year-old or youn-
ger for one of each of the following procedures: inguinal hernia
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repair and orchiopexy (withorwithoutherniarepair), pyloromyot-
omy, and circumcision. The study compared the results of the
Towa State scholastic aptitude test scores of the subjects and the
non-surgery group when the subjects were 7-10 years of age and
found that those who had received anesthesia and an operation
when 1 year of age or younger (287 subjects) more frequently
scored in the lower fifth percentile than those who had not received
either anesthesia or surgery. The same study conducted a subgroup
analysis of 58 subjects after excluding those with confirmed or
suspected central nervous system anomalies and found that the
same tendency persisted. Furthermore, in the same group lower
scores on the scholastic aptitude test correlated with longer anes-
thesia and surgery times.

Several caveats are in order when considering the findings of
such retrospective observational studies as these. First, the patient
backgrounds vary; for instance, the academic performance of chil-
dren is known to vary depending on factors like the ethnicity of
their parents and level of education. However, matching the subject
group and control groups for the ethnicity of the children’s parents
and educational level is difficult in practice. Second, the comparison
would ideally be based on healthy subjects without any medical
complications, but in practice assembling such a cohort is difficult,
as low birth weight infants tend to have a higher rate of sedation or
surgery with consequent variations in the proportion of low birth
weight infants who are included.

4 Cohort Studies

Two cohort studies are of special relevance to the present discussion
and deserve mentioning. The first is the General Anaesthesia and
Awake-regional Anaesthesia in Infancy (GAS) Study [47] and the
second is the Pediatric Anesthesia and NeuroDevelopment Assess-
ment (PANDA) study [48]. The GAS study was an international
prospective study conducted from 2007 to 2013 in Australia,
New Zealand, the USA, and the UK with 28 participating institu-
tions enrolling healthy children who had undergone hernia repair
surgery. The aim of this study was to determine whether there were
any developmental effects on children who had received either
general anesthesia or local anesthesia inducing unconsciousness.
The primary outcome, the results of follow-up assessment at
5 years of age, will be measured when the subjects reach the
stipulated age; the results of the 2-year follow up, however, have
already been published in an article. The subjects were children
born later than 26 weeks of gestation who were 60 weeks old or
younger at the commencement of the study. At the time of their
surgery, the average age of the subjects was 10 months, the average
body weight was 4.2 kg, and 85% were male. Of the 363 subjects
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allocated to the local anesthesia group, 140 had required either
sedation or general anesthesia as additional anesthesia, while
287 subjects had received only local anesthesia. The study found
that blood pressure failed to decrease at the same rate in the local
anesthesia group as in the general anesthesia group, but that there
was no significant difference in neurological assessment results
between the two groups at 2 years of age.

The PANDA study, which examined the effect of family envi-
ronment on the development of children [48], was conducted
between 2009 and 2015 at four universities led by Columbia
University, and enrolled children born at more than 36 weeks of
gestation who had undergone planned hernia repair. The control
group consisted of their siblings, who together constituted
105 pairs. The neurological assessments were conducted from age
8 to 15 years. Of the anesthesia group 9.5% were females. The
average age of the group was 17.3 months (about 1-year-old),
and the average anesthesia time was 80 min. The average age of
the subjects at the time of their assessment was 10.6 years. The
authors assessed a broad range of items including not only the
subjects’ IQ but also their memory/learning, motor/processing
speed, visuospatial function, attentiveness, executive functions,
speech, and behavior but found no significant difference between
groups.

5 Topics

Let us now examine some more recent studies. The findings of the
Mayo clinic cohort study conducted from 1976 to 1982 [41],
which, as mentioned earlier, produced two significant findings—a
significant difference in learning impairment between children who
had undergone anesthesia two or more times and those who had
never undergone anesthesia or only did so only once and long-term
learning impairment among the former group—were astonishing.
A current birth cohort study of children born between 1996 and
2000 has yet to publish its results, but the preliminary data appear
to indicate that, as in Fig. 1, poorer learning correlates with multi-
ple anesthetic procedures [49, 50]. A study conducted at the Uni-
versity of California at San Francisco which assessed 28 ASA 1-2
children between the ages of 6 and 11 years who had been exposed
to a volatile anesthetic for 2 h or longer at age l-year-old or
younger demonstrated no difference in IQ compared to the control
group, but had decreased recall memory, that is, contextual mem-
ory consisting of the ability to remember the details of time and
place, for example, was poorer. On the other hand, familiarity, or
the feeling of having experienced an event, as opposed to the ability
to recall the specifics of the event, remained intact. Furthermore,
the same study includes a figure demonstrating a similar deficit in
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recall memory in adult rats which had been exposed at 7 days of age
for 4 h to a 1 minimum alveolar concentration (MAC) of volatile
anesthetic [51]. The study, led principally by Columbia University
[52], used magnetic resonance imaging (MRI) findings to deter-
mine whether the local anesthetic administered to 60% of women at
delivery had any long-term effects on offspring. Thirty-seven chil-
dren born between 2005 and 2010 to a healthy mother were
assessed within 6 weeks of birth by MRI. Of these, 24 had been
delivered under local anesthesia while 13 had not. Subjects whose
mother had received local anesthesia had a larger bilateral frontal
and occipital lobes and cingulated gyrus. Furthermore, the correla-
tion between maternal epidural anesthesia and occipital lobe vol-
ume in the offspring strengthened with increasing anesthesia time.
The study concludes that long-term follow up and neurological
assessment will be necessary.

6 The FDA’s Perspective

In April 2017, the US Food and Drug Administration published
safety information concerning anesthetic agents on its official web-
site. This information also provides an exhaustive list of anesthetic
agents besides alpha-2 agonists, including inhalational anesthetics
(desflurane, halothane, isoflurane, and sevoflurane) and intrave-
nous anesthetics (etomidate, ketamine, lorazepam injection, meth-
ohexital, midazolam injection and syrup, pentobarbital, and
propofol) in addition to the warning that multiple or extended
use of these agents for children under 3 years of age or fetuses in
the third trimester may adversely affect brain development. At the
same time the FDA advises that necessary surgery should not be
postponed or omitted due to concerns about the safety of
anesthetics.
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The Challenge of Opioid-Free Anesthesia

Maher Khalife, Graziela Biter, Marco Cascella, and Raffaela Di Napoli

Abstract

The introduction of opioids in the clinical practice of anesthesia was a revolution. By blocking the
sympathetic response to surgical stimuli and obtaining a reduced requirement of hypnotic agents, a safer
and a more stable hemodynamically perioperative period was made possible. However, administration of
opioids can be associated with several side effects that can be responsible for delayed patient recovery and
hospital discharge, as well as leading to increased health service costs. Furthermore, opioid use is related to a
wide range of side effects including gastrointestinal (nausea, vomiting, ileus), respiratory (decreased central
respiratory drive impacting respiratory rate, and tidal volume), central nervous system effects (sedation,
delirium, dysphoria, catalepsy, hallucinations) effects, as well as urinary retention, pruritus, bradycardia, and
dizziness. Another undesired effect of opioids as primary pain therapy in the perioperative period, is the
development of “acute tolerance” to the analgesic effect of these drugs. This diminished analgesic effect
may also be the result of the “opioid-induced hyperalgesia” (OIH) phenomenon. Again, some evidence has
suggested that opioids may interfere with the immune system. Numerous studies have shown that opioids
can influence the progression of cancer, metastasis, and cancer recurrence. In the 1990s, in the light of
experience and studies conducted on opioids and their effects within the broader context of multimodal
analgesia, their use came into question. New anesthesia techniques started to be developed that aimed to
achieve the sparing use of opioids. These approaches culminated, in the 2000s, with the development of
opioid-free anesthesia (OFA) pathways. The strategy of OFA is a realistic alternative that can lead to
enhanced recovery and increased patient satisfaction by reducing important opioid related side effects; it
can also facilitate the use of lower doses of opioids postoperatively in order to achieve a pain-free recovery
and reduce pain scores while providing faster and safer mobilization and rehabilitation. The drugs used are
hypnotics, N-methyl-p-aspartate (NMDA) antagonists (ketamine, magnesium sulfate), sodium channel
blockers (local anesthetics), anti-inflammatory drugs [nonsteroidal anti-inflammatory drugs (NSAIDs),
dexamethasone, local anesthetic], and alpha-2 agonists (dexmedetomidine, clonidine). The association of
OFA and locoregional anesthetic techniques is very common. Several types of patients can benefit from this
technique including narcotic history patients, obese patients with obstructive sleep apnea, patients with
hyperalgesia and history of chronic pain, immune deficiency individuals, patients undergoing oncologic
surgery as well as those affected by inflammatory conditions, chronic obstructive pulmonary disease, and
asthma. While different OFA protocols have been reported in the literature, the publications rely mostly on
case reports and small size investigations. More studies are necessary to assess what the interactions between
these drugs are. Clinical researchers must design studies with rigorous methodology in order to correctly
assess the risks and benefits of OFA for patients in different surgical settings.

Key words Opioid-free anesthesia, Opioids, Opioid-related side effects, Ketamine, Dexmedetomi-
dine, Magnesium, Lidocaine
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1

Introduction

Opioids have been used to relieve pain for millennia, in the form of
opium extracted from poppies. The oldest reference to opium
poppy growth comes from Sumerians of Mesopotamia, who
cultured the plant around 5000 years ago and described it in an
ideogram as the “joy plant” [1]. In 1805, the German pharmacist
Friedrich Wilhelm Adam Ferdinand Sertiirner (1783-1841)
isolated morphine from poppy. Subsequently, in 1874, Charles
Adler Wright (1844-1894) synthesized diacetylmorphine, also
known as heroin, in an attempt to obtain a less addictive substance,
and it was marketed by the Bayer Laboratories (1888) as a pain
reliever, sedative, and cough suppressant. Further derivatives of
morphine and codeine were developed at the beginning of the
twentieth century, including hydromorphone, dihydrocodeine,
hydrocodone, oxymorphone, meperidine, and oxycodone [2]. Fen-
tanyl was developed by Paul A.J. Jansen, in 1953, and became
available as of 1960. It opened the gate to developing other fenta-
nyl analogs, such as carfentanil (1974), sufentanil (1974), lofentanil
(1975), and alfentanil (1976) [3]. At the beginning of the 1990s,
remifentanil became available for clinical use [4].

The introduction of opioids in the clinical practice of anesthesia
was a revolution. By blocking the sympathetic response to surgical
stimuli and obtaining a reduced requirement of hypnotic agents, a
safer and a more stable hemodynamically perioperative period was
allowed. However, administration of opioids can be associated with
several side effects that can be responsible for delayed patient
recovery and hospital discharge, as well as leading to increased
health service costs. Another undesired eftect of opioids as primary
pain therapy in the perioperative period is the development of
“acute tolerance” to the analgesic effect of these drugs
[5, 6]. This diminished analgesic effect may also be the result of
the “opioid-induced hyperalgesia” (OIH) effect. The two phenom-
ena are very different from a pharmacological point of view but can
both lead to significant opioid dose increases over time. Overpre-
scription of opioids for postoperative pain control has now led to
the opioid epidemic, with increased addiction and overdose-related
deaths worldwide.

2 The Rationale for Opioid-Free Anesthesia

While opioids have been one of the pillars of the anesthetic practice
for decades, anesthesiologists must deal with their side effects,
some of which are well known and studied, and others whose
mechanisms still need investigation (Table 1). Pain and paralytic
ileus is often the cause of delayed hospital release. Furthermore,
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Table 1
Opioids side effects

Opioids side effects

Gastrointestinal: nausea and vomiting, ileus

Respiratory: decreased central respiratory drive (respiratory rate, and tidal
volume)

Central nervous system: sedation, delirium, dysphoria, catalepsy,
hallucinations

Urinary retention
Bradycardia

Dizziness

Pruritus

Chronic effects
Opioid-induced tolerance

Physical dependence

opioids can exacerbate obstructive sleep apnea and increase its
severity. Studies have shown that 50-80% of patients that are admi-
nistered opioids will have at least one side effect [7]. At the same
time, the efficacy of pain relief during movement is only moderate.
In the era of fast-track surgery with concerns for the quality of care
and economic efficiency in health care, the avoidance of these
common side effects in the postoperative period is essential. Physi-
cal dependence and opioid-induced tolerance represent a special
issue, while the relationship between opioid use and cancer should
be better investigated. For this reason, alternative anesthetic pro-
tocols aimed at reducing or totally avoiding opioids in the periop-
erative setting have been developed [8].

In the 1990s, in the light of experience and studies conducted
on opioids and their effects within the broader context of multi-
modal analgesia, their use came into question. New anesthesia
techniques started to be developed that aimed to achieve the
sparing use of opioids, which culminated in the 2000s with the
development of opioid-free anesthesia (OFA) pathways. It was in
1993 that Kehlet and Dahl introduced the term “multimodal anal-
gesia” for management of postoperative pain, along with the term
“balanced analgesia” [9]. However, it is also possible to replace
opioids completely in the perioperative setting with other drugs,
providing perioperative hemodynamic stability and improving
postoperative pain management. The strategy of OFA is a realistic
alternative that can lead to enhanced recovery and increased patient
satisfaction by reducing important opioid-related side effects; it can
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2.1 Anesthesia
and Opioid
Dependence

also facilitate the use of lower doses of opioids postoperatively in
order to achieve a pain free recovery and reduce pain scores while
providing faster and safer mobilization and rehabilitation [10]. Fur-
thermore, it is established that opioid-induced hyperalgesia and
chronic pain syndromes are more frequent when high-dose opioids
are used perioperatively [11].

Although pharmaceutical companies stated that patients would not
become addicted to opioid pain relievers, their consumption has
risen in the last three decades and a rise in prescription medication
then followed, after letters to medical journals had underlined the
safety and low addictive potential of opioid use [12]. Consequently,
there was an increase in the misuse of opioid prescriptions. In 2016,
there were more than 130 deaths per day due to opioid-related
drug overdoses in the USA and a total of 11.4 million people who
misused prescription opioids, from which two million people for
the first time. (www.hhs.gov/opioids). The US government has
declared the opioid epidemic a public health emergency.

In the perioperative period, patients that receive opioids as
primary pain therapy will most likely require increased doses to
maintain the same analgesic effects. This is due to the phenomenon
of opioid-induced hyperalgesia and tolerance. The opioid paradox
is that the more opioids that are used intraoperatively, the more
opioids will be required postoperatively and has been measured in
surgical patients up to two days postoperatively [13]. In a study of
over 36,000 opioid-naive patients undergoing elective surgery
between 2013 and 2014 in the USA, an incidence of 6% of chronic
opioid use after surgery, major or minor, was found (opioid use
lasting more than 90 days postoperatively) [14]. Shah et al. [15]
found that every day of opioid therapy after the third postoperative
day increases the risk of the patient becoming a chronic opioid
consumer. Dramatic increases are seen after the 5th and the 31st
day of therapy. The incidence of chronic opioid consumption was
found to be approximately 15% in patients that had their first
opioid-based treatment for a period longer than 8 days and as
high as 30% in patients whose first treatment was 31 days or more.

The Australian and New Zealand College of Anesthetists and
its Faculty of Pain Medicine released the following statement in
2018: “Slow-release opioids are not recommended for use in the
management of patients with acute pain” [16]. They also made
recommendations that, when opioids are indicated and if the oral
route is available, then the most appropriate treatment is an
age-based dose of immediate-release oral opioid. Controlled release
opioids should only be used in patients that are already on such
treatment. (Australia and New Zealand College of Anesthesia.
Position statement on the use of slow-release opioid preparations
in the treatment of acute pain.)


http://www.hhs.gov/opioids

2.2 Opioid-Induced
Tolerance
and Hyperalgesia

2.3 Opioids
and Cancer
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Tolerance is defined as a decrease in a pharmacologic response
following repeated or prolonged drug administration [17]. In the
case of opioid tolerance, the phenomenon is linked to opioid
receptor desensitization, as well as down-regulation, phosphoryla-
tion, and endocytosis [18].

The concept of differential tolerance development states that
varying opioid targets will develop tolerance at different degrees
and at different speeds. For example, patients will become rapidly
tolerant to the analgesic effect, but when it comes to gastrointesti-
nal side effects, tolerance will develop more slowly and to a lesser
degree. The opioid signaling system has a remarkable ability for
tolerance development. Opioid tolerance can develop in a short
time frame, possibly within hours, if patients are exposed to high
doses. In principle, tolerance can be overcome by increasing opioid
dose, but this will expose patients to opioid-induced hyperalgesia
(OIH) that will be worse with dose increment [19].

Opioid-Induced tolerance and OIH phenomena have a signifi-
cant clinical impact. In a recent meta-analysis, Fletcher et al.
addressed the issue of OIH in patients undergoing surgery. They
included 27 studies with a total of 1494 patients and concluded
that those who received a high intraoperative opioid dose had
higher pain scores and increased morphine consumption in the
first 24 h postoperatively. These findings were particularly evident
with the use of remifentanil [20].

Some evidence has suggested that opioids may interfere with the
immune system. Numerous studies have shown that opioids can
influence the progression of cancer, metastasis and cancer recur-
rence through numerous and complex mechanisms such as
improved angiogenesis and overall impairment of host immunity
[21-23]. Furthermore, opioids may directly stimulate cancer
growth by overexpression of mu opioid receptors in the neoplastic
tissue [24-26].

However, most of these findings come from preclinical studies;
results regarding opioids and cancer outcomes can be contradictive.
For instance, although Bimonte et al. [27] demonstrated that
naloxone may counteract the promotion of tumor growth, as
induced by morphine in an animal model of triple-negative breast
cancer, the translational perspectives of these findings seem to be a
complex.

Again, in the clinical context, the strength of these studies is
limited because of their retrospective design and the quality of data.
To date, no conclusion can be drawn on a potential link between
opioids and the immune function in patients with cancer.
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3 Features of Opioid-Free Anesthesia (OFA)

3.1 Drugs
and Pharmacological
Considerations

3.1.1 Ketamine

The OFA techniques avoid the use of giving systemic intraoperative
opioids, as well as those given by neuraxial and intracavitary meth-
ods. Instead, it promotes an association of nonopioid multimodal
analgesics, with the aim of ensuring adequate pain control and at
the same time, ensuring the hemodynamic stability of the patient.
The drugs used are hypnotics, NMDA antagonists (ketamine, mag-
nesium sulfate), sodium channel blockers (local anesthetics), anti-
inflammatory drugs (NSAID, dexamethasone, local anesthetic),
and alpha-2 agonists (dexmedetomidine, clonidine). The associa-
tion between OFA and locoregional anesthetic techniques is very
common.

Normal pain transmission is a complex, dynamic process. Ori-
ginating from the peripheral receptors, the transduced noxious
stimuli is transmitted via afferent fibers to the dorsal horn of the
spinal cord, where the signal can be extensively modulated by
intrinsic spinal interneurons, glia, and descending pathways. It is
here that NMDA receptors, GABA, enkephalins, and other neuro-
transmitters intervene. The sympathetic—parasympathetic reactions
to noxious stimuli during anesthesia are equally complex. Opioid-
free anesthesia can offer an alternative to the current opioid-
inclusive balanced anesthesia, especially for obese and oncologic
patients or opioid addicts.

The most frequent side effects of OFA are hypotension and
bradycardia. A meta-analysis by Frauneknecht et al. [28] investi-
gated the analgesic impact of intraoperative opioids versus opioid-
free anesthesia. It included 1304 patients undergoing different
types of surgeries and concluded that there is high-quality evidence
that opioid-inclusive anesthesia when compared to opioid-free
anesthesia, did not reduce the level of pain or opioid consumption
postoperatively. However, the authors found increased postopera-
tive nausea and vomiting in the opioid inclusive regimen.

Ketamine is a water-soluble phencyclidine derivative. It was first
used in 1964 for veterinary purposes and was FDA approved in
1970. It has been used mainly for induction in hemodynamically
unstable patients or as an adjunct for analgesia or sedation. It is a
rapid-acting general anesthetic that produces profound analgesia,
cardiovascular and respiratory stimulation and produces normal or
slightly increased skeletal muscle tone. It does not alter the normal
pharyngeal-laryngeal reflexes and can lead to transient and minimal
respiratory depression. By selectively interrupting association path-
ways of the brain, it produces a “dissociative anesthesia” at doses
more than 1 mg/kg. Ketamine enhances descending inhibiting
serotoninergic pathways and can exert antidepressive effects (with
concentrations as low as ten times the dose needed for obtaining
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anesthesia). Its analgesic effect is produced by preventing central
sensitization in the dorsal horn neurons and through inhibition of
the synthesis of nitric oxide [29]. Again, this medication seems to
be useful for attenuating the development of opioid tolerance and
opioid hyperalgesia [30, 31]. Analgesia is obtained with subanes-
thetic doses and it can reverse tolerance to opioids. Low-dose
ketamine reduces pain and hyperalgesia, and there is an interest in
using it for the management of depression [32, 33].

Ketamine acts as a noncompetitive antagonist of the central
nervous system (CNS) N-methyl-p-aspartate (NMDA) receptors.
It blocks sensory input and impairs limbic functions. It is an agonist
of a- and p-adrenergic receptors and an antagonist of muscarinic
receptors in the brain. This medication blocks the reuptake of
catecholamines. Finally, it acts as an agonist for the kappa-type
opioid receptor, and binds to the delta and mu-type receptor.

With regard to pharmacokinetics, after intravenous administra-
tion, the onset time is 30 s. The drug has a distribution half-life of
11-16 min whereas the elimination half-life is 2—3 h. It is metabo-
lized in the liver by microsomal cytochrome P450 enzymes and
excreted in the form of metabolites, mainly in the urine.

Relative contraindications to sub-anesthetic ketamine doses are
a high-risk coronary or vascular disease, uncontrolled hypertension,
elevated intracranial pressure, elevated intraocular pressure, globe
injuries, history of psychosis, sympathomimetic syndrome, hepatic
dysfunction, recent liver transplantation, and porphyria. A risk—be-
nefit assessment should be done when the patient presents one or
more of the abovementioned pathologies.

Regarding doses, the most common in published studies are in
the range 0f 0.15-0.5 mg/kg given as a bolus and 0.1-0.2 mg/kg/
h as an infusion. Psychosensory effects increase with boluses above
0.3 mg/kg and the effects dissipate after 30—45 min [34]. Further-
more, the ideal body weight for obese patients must be considered.
According to Gorlin et al. [34], the dose regimes are dependent on
the operating time (Table 2).

Magnesium is the fourth most common cation in the body. It acts
as a noncompetitive antagonist of NMDA receptors in the CNS and
regulates calcium influx into the cell. These are believed to be the
mechanisms by which it promotes analgesia. It has been reported
that it suppresses neuropathic pain [ 35], potentiates analgesia after
opioid administration and attenuates opioid tolerance [36]. Some
studies have shown that its use imparts an important reduction in
opioid consumption in the first 24 h postoperatively. A smaller
eftfect was observed on pain scores over the same time interval.
Adverse side effects from magnesium sulfate administration are
a circulatory collapse, respiratory paralysis, hypothermia, pulmo-
nary edema, depressed reflexes, hypotension, flushing, drowsiness,
depressed  cardiac  function, diaphoresis,  hypocalcemia,



174 Maher Khalife et al.

Table 2
Ketamine dose regimens [adapted from [34]]

Timing Dose regimen

Operating time

Less than 60 min 0.1-0.3 mg/kg iv bolus at induction
More than 60 min  0.1-0.3 mg/kg iv bolus at induction
Intraoperative to postoperative

No postoperative 0.1-0.3 mg/kg iv bolus at induction that can be repeated every 30—60 min during

infusion surgery (last dose at least 30 min before emergence)
Postoperative 0.1-0.3 mg/kg bolus at induction, followed by 0.1-0.2 mg/kg/h infusion that
infusion can be continued for 24 up to 72 h; consider reducing does at 10 mg/h or less
after 24 h

hypophosphatemia, hyperkalemia, and visual changes. Contraindi-
cations to the administration of magnesium sulphate include hyper-
sensitivity, heart blocks, myocardial damage, hypomagnesemia, and
hypercalcemia. It should be used with caution in patients with renal
impairment, digitalized patients and those with myasthenia gravis
or another neuromuscular disease. When administered, renal func-
tion should be monitored, as well as blood pressure, respiratory
rate, and deep tendon reflexes.

Studies report a wide range in the dose administered to
patients. Bolus ranges are usually between 30 and 50 mg/kg and
can be continued by an infusion of 6-25 mg/kg/h until the end of
the surgery. Continuous infusion in the postoperative period has
also been described (up to 6 h). So far, no serious side effects have
been mentioned. There is no recommended administration regime
for use with magnesium sulphate, but it does seem that a bolus dose
of 40-50 mg/kg efficiently decreases postoperative opioid con-
sumption and pain scores [37].

3.1.3 Lidocaine Lidocaine is a sodium channel blocker and has been used since the
1960s as an antiarrhythmic drug and local anesthetic. Intravenous
lidocaine administration will affect peripheral and central nerve
endings. Central sensitization resulting from tissue damage
(somatic pain) may be minimized by intravenous lidocaine, due to
its antihyperalgesic effects [ 38 |. The analgesic effect of intravenous
lidocaine administration may be a result of direct or indirect inter-
action with different receptors and nociceptive transmission path-
ways including: muscarinic antagonists, glycine inhibitors, a
reduction in the production of excitatory amino acids, a reduction
in the production of thromboxane A2, release of endogenous
opioids, a reduction in neurokinins, and release of adenosine tri-
phosphate [39]. Lidocaine infusion in the perioperative setting has



Table 3
Lidocaine side effects

Opioid-Free Anesthesia 175

been extensively studied because of its analgesic, antihyperalgesic,
and anti-inflammatory effects [40].

Based on preclinical studies, we can say that lidocaine interacts
with the inflammatory system, reducing the inflammatory response
at very low concentrations (e.g., 0.1 uM lidocaine) when the expo-
sure is for a long period of time (hours) [41].

It has been shown that lidocaine may decrease pain scores,
reduce opioid consumption, increase the restoration of bowel
movement, and even shorten the length of hospital stay for patients
undergoing laparoscopic colon surgery [42—44].

However, a recent Cochrane meta-analysis assessed whether
intravenous perioperative lidocaine, compared to placebo or no
treatment, has a beneficial role in the postoperative period regard-
ing gastrointestinal recovery, postoperative nausea, and opioid
consumption [45].

Side effects of lidocaine intravenous administration should be
made known and awareness raised (Table 3).

Concerning dose regimens, bolus doses of 1-3 mg/kg at
induction have been recommended. Infusion doses vary from 1 to
5 mg/kg/h and are stopped ecither at skin closure or 48 h postop-
eratively. The lidocaine dose necessary to obtain analgesia in the
perioperative period is thought to be between 1 and 2 mg/kg as an
initial bolus, followed by continuous administration at 0.5-3 mg/
kg/h [46].

Of note, the maximum dose of lidocaine to be administered to
avoid local anesthetic systemic toxicity (LAST) is 5 mg/kg. It is
likely that a continuous infusion of 2 mg/kg could be the most
appropriate regimen for avoiding local anesthetics systemic toxicity
(CNS toxicity occurs at lidocaine plasmatic concentrations >5 pg/
ml, slightly above the therapeutic plasma level 2.5-3.5 pg/ml).

Cardiovascular

Central nervous
system

Respiratory

Neuromuscular and
skeletal

Gastrointestinal

Others

Bradycardia, cardiac arrhythmias, circulatory shock, coronary artery vasospasm,

edema, flushing, heart block, hypotension, local thrombophlebitis

Agitation, anxiety, apprehension, coma, confusion, disorientation, dizziness,

drowsiness, euphoria, hallucinations, hyperesthesia, hypoesthesia, intolerance
to temperature, lethargy, loss of consciousness, metallic taste, nervousness,
paresthesia, psychosis, seizure, slurred speech, twitching

Bronchospasm, dyspnea, respiratory depression

Tremor, weakness

Nausea and vomiting

Tinnitus
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3.1.4 Dexamethasone

3.1.5 Alpha-

2 Adrenoceptor Agonists:

Clonidine
and Dexmedetomidine

Clonidine

Dexamethasone is a glucocorticoid agonist that acts by inhibiting
leukocyte infiltration at the site of inflammation. It interferes with
the function of the mediators of the inflammatory response, sup-
presses humoral immune responses, and reduces edema or scar
tissue [47]. It is administered in the surgical setting to prevent
postoperative nausea and vomiting [48]. Its intravenous adminis-
tration permits the prolongation of peripheral nerve blocks [49]. It
has been proven that a sole dose administered at the beginning of
the surgical intervention of 0.1 mg/kg can lead to a reduction in
opioid consumption, reduction of postoperative nausea and vomit-
ing, reduction of fatigue and a better postoperative rehabilitation
[50]. After administration, the plasmatic concentration peaks after
2-12 h, and it has a half-life of 36-72 h. It can suppress cortisol
levels for up to 1 week [51]. A meta-analysis on whether a single
dose of dexamethasone administered in the perioperative setting
will lead to an increase in adverse effects has not found evidence
that it increases the risk of postoperative wound infection or
delayed wound healing. However, they did find that it significantly
increased the glucose values for the first 12 h post-surgery
[52]. Considerations should be made as to whether it is safe to be
administered to diabetic patients. The dosage for the antiemetic
effect is 50 pg/kg, whereas a reduction of postoperative analgesic
requirements is obtained with a dose of 100 pg/kg. For the anti-
inflammatory effect, it should be administered prior to incision.
When administered in an awake patient it is associated with a
painful perineal sensation.

Clonidine is an imidazoline derivative and acts as an a2-adrenergic
agonist. Three alpha-2 receptors have been identified: a2A; a2B,
and o2C with a different distribution. The a2A receptor is widely
distributed throughout the CNS (locus coeruleus, brain stem
nuclei, cerebral cortex, septum, hypothalamus, and hippocampus),
in the kidneys, spleen, thymus, lung, and salivary glands. The a2B-
receptor is located primarily in the periphery (kidney, liver, lung,
and heart) with low levels of expression in the thalamic nuclei of the
CNS. The a2C-receptor is primarily expressed in the brain, includ-
ing the striatum, olfactory tubercle, hippocampus, and cerebral
cortex. Low levels of the a2 C-subtype are also found in the kidneys.
The a2A and a2C receptors are located presynaptically and inhibit
the release of noradrenaline from sympathetic nerves. Thus, their
stimulation will lead to decreased sympathetic tone, blood pressure,
and heart rate. Stimulation of centrally located «2A receptors will
lead to sedation and analgesia; it also mediates components of the
analgesic effect of nitrous oxide in the spinal cord. The stimulation
of a2B-receptors leads to a constriction of vascular smooth muscle.
Clonidine acts on all three receptor subtypes with similar potency.

Clonidine is used in multiple clinical situations including pro-
phylaxis of vascular migraine headaches, treatment of severe
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dysmenorrhea, rapid detoxification in the management of opiate
withdrawal, treatment of alcohol withdrawal used together with
benzodiazepines, management of nicotine dependence, and treat-
ment of attention-deficit hyperactivity disorder (ADHD). In the
perioperative setting, it is used for its antihypertensive, analgesic,
sedative, and anxiolytic effects. It can provide a maximum of 50%
reduction in requirements of inhalation anesthetics to maintain
1 MAC.

Clonidine is rapidly absorbed after oral administration with a
maximum plasma concentration achieved between 1.5 and 2 h
[53]. It has a half-life of approximately 8—12 h [54]. Its elimination
half-life is of 12-16 h, and its distribution half-life is more than
10 min. It is excreted mainly in the urine.

A recent systematic review and meta-analysis of 57 trials show
that clonidine improves postoperative outcomes by improving pain
control, reducing PONV, and improving hemodynamic and sym-
pathetic stabilities. It does not seem to have consequences on renal
function or awakening time and does not influence the cardiac
outcome in the general population after noncardiac surgery. It is
important to mention that nonfatal bradycardia/nonfatal cardiac
arrest and hypotension have been described [55].

Used as a premedication, a dose of 2—4 pg/kg clonidine orally
provides sedation, hypnosis, and anti-sialagogue effect [56]. Intra-
venous administration has been used with a dosage ranging from
1 to 4 pg/kg, infused over 10-15 min at different perioperative
moments (60-90 min preoperatively, induction, and during
maintenance).

Caution with its use should be taken for hemodynamically
unstable patients, severe coronary insufficiency, recent myocardial
infarction, cerebrovascular disease, chronic renal failure, cardiac
conduction abnormalities, and elderly patients.

Dexmedetomidine is a specific and selective alpha-2 adrenoceptor
agonist which acts via presynaptic and postsynaptic alpha-2-
receptors. It is 8-10 times more selective towards the alpha-2-
adrenoreceptor than clonidine [57]. It also seems to have higher
alpha 2A and alpha 2C affinity than clonidine [58]. Its binding to
the presynaptic alpha-2 receptor will inhibit norepinephrine release
and therefore terminate the propagation of pain signals. By activa-
tion of the postsynaptic alpha-2 receptor, it will decrease the sym-
pathetic activity, with attenuation of the neuroendocrine and
hemodynamic responses to anesthesia and surgery. Its administra-
tion will lead to a reduction of anesthetic and opioid requirements,
sedation, and analgesia. It preserves respiratory function and is used
with a predictable decrease in mean arterial pressure and heart rate.
It has sedative and anxiolytic effects and it is used in intensive care
for ventilated patients that remain easily rousable and cooperative
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Suggested dose regimens for dexmedetomidine useful for periprocedural sedation [adapted from [63]]

Loading infusion of 1 pg/kg over 10 min; a reduced loading infusion of 0.5 pg/kg over 10 min is
recommended for patients over 65 years

Maintenance dose is generally initiated at 0.6 pg/kg/h and titrated at the desired clinical effect between
doses of 0.2 and 1.0 pg/kg/h

A reduction in the loading and maintenance dose is recommended in patients with hepatic impairment

A reduction in concomitant administered sedatives, anesthetics, hypnotics and opioids doses is required

during treatment. It offers reversible memory impairment and has
been shown to provide a reduction of up to 90% in requirements of
inhalational anesthesia to maintain a 1 MAC. Its most common side
effects are hypotension, bradycardia, nausea, vomiting, and a dry
mouth. A short hypertensive phase and subsequent hypotension
are observed following initiation of infusion. Bradycardia and sinus
arrest have occurred in young, healthy volunteers with high vagal
tone or with different routes of administration, including rapid
intravenous or bolus administration that were effectively treated
with anticholinergic agents (atropine, glycopyrrolate). It is not
recommended in patients with advanced heart block or severe
ventricular dysfunction [59]. Cardiovascular adverse effects may
be more pronounced in hypovolemic patients, in those with diabe-
tes mellitus, chronic hypertension, in the elderly, and in those with
high vagal tone.

It is metabolized by the liver and excreted mostly by the urine.
It has a plasma half-life of 2-2 1/2 h, an elimination half-life of 2 h,
and a distribution half-life of 5 min.

Intraoperative administration has been proven to reduce the
requirements of other anesthetic agents. It can attenuate the hemo-
dynamic response to intubation [60] and extubation [61] and can
be continued in the postoperative period. It potentiates the effect
of other anesthetic agents that can be administered intravenously,
inhalational or by regional anesthesia. It has a significant opioid-
sparing effect and is useful in intractable neuropathic pain [ 62 ]. Dit-
ferent doses are recommended when used for periprocedural seda-
tion (Table 4).

4 Indications and Contraindications

Indications for OFA are multiple. Patients that can benefit from this
technique are morbidly obese who have undergone gastric bypass,
especially considering the postoperative respiratory disorders asso-
ciated with opioids. Other populations include opioid-tolerant



Opioid-Free Anesthesia 179

patients, those with chronic pain syndromes, or chronic respiratory
impairment.
Indications for OFA include [64]:

— Narcotic history (acute and chronic opioid addiction).

— Opioid intolerance.

— Morbidly obese patients with obstructive sleep apnea.

— Hyperalgesia, history of chronic pain.

— Immune deficiency, oncologic surgery, inflammatory disease.

— Chronic obstructive pulmonary disease, asthma.

The OFA approach is contraindicated in patients expressing
allergy either to the drug or to its excipient. Since OFA’s drugs
act on the sympathic system inducing bradycardia and /or hypoten-
sion, it is obvious that it should be used cautiously in patients with
disorders of autonomic system, cerebrovascular disease, critical or
acute coronary ischemia, arythmia particularly in extreme bradycar-
dia, nonstabilized hypovolemic shock or polytrauma patients, inter-
ventions where controlled hypotension for minimal blood loss is
necessary, and elderly patients with beta-blockers.

5 Protocols

While different OFA protocols have been reported in the literature,
the publications rely mostly on case reports and different experi-
ments with these drugs [65-69]. A study by Bakan et al. [65]
compared OFA using dexmedetomidine and lidocaine, to opioid-
based anesthesia induced with remifentanil for laparoscopic chole-
cystectomy. The authors showed a statistically significant reduction
in fentanyl consumption at 2 h postoperatively, although this dif-
ference was not maintained at 6 h when fentanyl consumption was
comparable between the two groups. They noted more hypotensive
events within the opioid-based anesthesia group and hypertensive
events within the opioid-free anesthesia protocol. The OFA had
higher recovery times, but significantly lower pain scores and
needed less analgesic rescue and treatment for nausea. In the
opioid-free group, the patients (# = 40) received a loading dose
of 0.6 pg/kg of dexmedetomidine, followed by infusion at a rate of
0.3 pg/kg/h and 1.5 mg/kg of lidocaine, then an infusion rate of
2 mg/kg/h. In the opioid-based anesthesia group, the patients
(n = 40) received 2 pg/kg fentanyl at induction, followed by
remifentanil infusion at a rate of 0.25 pg/kg/min. Lidocaine infu-
sion was stopped 10 min before skin closure and skin incisions were
infiltrated with bupivacaine. Dexmedetomidine and remifentanil
infusion were terminated during skin closure. All patients received
8 mg Dexamethasone and 50 mg of dexketoprofen trometamol
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after anesthesia induction and 1 g of acetaminophen at the end of
the surgery. All patients had a PCA pump set to deliver IV fentanyl.

A case report concerning a 40-year-old morbidly obese patient
with a BMI of 50 kg,/m? scheduled for a laparoscopic vertical sleeve
gastrectomy was published by Aronsohn et al. [66]. No episodes of
desaturation were noted in the postoperative period for this patient
that suffered from severe OSA and was noncompliant with home
CPAP; no opioids were administered in the perioperative period.
She received a dose of 8 mg of dexamethasone at induction and 1 g
of'acetaminophen. The patient received an initial bolus of 5 mg/kg
of ketamine, followed by a continuous infusion at 5 pg/kg,/min.
Surgeons injected the port sites with liposomal bupivacaine. Anes-
thesia was maintained with propofol infusion. During emergence,
the patient received a dose of 4 mg ondansetron and 30 mg ketor-
olac. The patient was able to ambulate unassisted at 90 min post-
operative. She was discharged from the hospital the following
morning.

Landry et al. published a case report of OFA for an open aortic
valve replacement [67]. As the patient had an allergy, manifested in
the form of a diffuse skin rash to oxycodone and other drugs from
the same class, it was advised to use as few opioids as possible
perioperatively. The patient received 1 g of oral acetaminophen
and 300 mg of gabapentin preoperatively. During induction, she
received a 50 mg ketamine bolus, followed by an infusion of 5 pg/
kg/min. Dexmedetomidine was administered as a bolus of 0.5 pg/
kg during induction, followed by a 0.7 pg/kg/h infusion. She
received 2 g of magnesium 30 min prior to sternotomy and 2 g
after separation from cardiopulmonary bypass. A 2 mg/min infu-
sion of lidocaine was started during induction and discontinued 1 h
prior to injection of liposomal bupivacaine administered by the
surgeon into the sternotomy site and intercostal nerves associated
with bilateral ribs one to five (20 cc of 0.25% bupivacaine hydro-
chloride). On the first day postoperatively, the patient received a
ketamine infusion 5 pg/kg/min that was decreased to 1 pg/kg/
min after 1 h in the ICU. Dexmedetomidine at 0.7 pg/kg/h was
discontinued after arrival to ICU. She received 1 g of Acetamino-
phen every 6 h and two doses of 15 mg of Ketorolac every 8 h. In
the postoperative period from day 1 to discharge, 300 mg of
gabapentin PO was given every 8 h and 1 g of Acetaminophen
every 6 h for analgesia.

The authors demonstrated the feasibility of an OFA technique
for adequate pain control for open cardiac surgery. Hontoir et al.
investigated the effect of perioperative opioid-free anesthesia on
postoperative patient comfort in 66 patients undergoing breast
cancer surgery [68]. The study was made on two groups, one
opioid group and the other opioid-free group. The opioid group
received a target-controlled infusion of remifentanil. The opioid-
free group received a loading dose of clonidine of 0.2 pg/kg. Both
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groups received a dose of 0.3 mg/kg ketamine and 1.5 mg/kg
lidocaine. Upon surgical incision, patients in both groups received
1000 mg of acetaminophen and 75 mg of diclofenac. A total of
three boluses of 0.2 mg/kg of ketamine were allowed in the opioid-
free group if sevoflurane adjustments were not efficient at main-
taining hemodynamic stability. At the end of the procedure, 4 mg
of ondansetron was administered and a bolus of 0.03 mg/kg of
piritramide was given at ski closure. The study showed that the
patients in the opioid-free group were more sedated upon arrival in
the post-anesthesia care unit but did not have a longer stay in the
PACU. It also showed a statistically significant reduction in opioid
consumption and an improved recovery during the first 24 postop-
erative hours.

Maevo Bello et al. studied the association of locoregional anes-
thesia with OFA in thoracic surgery [69]. Patients undergoing
thoracic surgery are at high risk of postoperative pain. Considering
opioid-related hyperalgesia that could lead to an increased postop-
erative analgesic consumption, this team investigated the eftects of
OFA on epidural ropivacaine requirements after thoracotomy. This
observational, retrospective study included 50 patients in two
groups of 25: an opioid-based anesthesia group (OBA) and an
opioid-free anesthesia group (OFA). All patients received a thoracic
epidural at T4 /5 or T5 /6 that was used intraoperatively with 0.2%
ropivacaine at 4-6 ml/h, without any adjuvant or bolus. All
patients received postoperative nausea and vomiting prophylaxis
based on their Apfel score; they were given 4—8 mg Dexamethasone
for one risk factor, to which droperidol was added (0.625 mg
30 min before the end of surgery) if two risk factors were present.
Patients in the OBA group received total intravenous anesthesia
with TCI propofol and remifentanil and depending on the anesthe-
tist in charge, a single bolus dose of ketamine was administered at
induction (25 mg). Patients in the OFA group received a preinduc-
tion single dose of IV clonidine (75-150 pg). They received a single
IV dose of lidocaine (1.5 mg/kg) on arrival in the operating
theatre. A bolus of 0.25-0.5 mg/kg of ketamine was administered
followed by a continuous infusion at a rate of 0.25 mg/kg/h that
was stopped at wound closure. TCI of propofol was used for
induction and maintenance and neuromuscular blockade was
achieved using rocuronium in both groups. All patients received
1 g of paracetamol intraoperatively, associated or not with nefopam
(20 mg), tramadol (50 mg), or ketoprofen (100 mg). In the ICU
patients received 1 g of paracetamol every 6 h in both groups and
TEA was maintained via patient-controlled epidural anesthesia for
48 h using ropivacaine 2% with sufentanil (0.25 pg/ml) in both
groups. The PCEA settings were 5 ml/h continuous infusion and a
bolus of 5 ml with a 20-min lockout interval. The infusion was
increased at 6 ml/h if there was an inadequate sensory block level
and intravenous rescue analgesia was administered if the NRS score
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was superior to three using nefopam, tramadol, ketoprofen, or
morphine patient-controlled analgesia. The authors found a signif-
icantly higher postoperative epidural ropivacaine consumption in
the first 48 h in the OBA group (919,311 mg versus 693,270 mg,
P = 0.002). The numerical rating scale at six and 24 h were also
significantly lower in the OFA group (1[0-2] versus 3 [1-5],
P = 0.0005 and 1[0-2] versus 3.5 [1-5]). In the post-anesthesia
care unit, more patients in the OBA group required morphine for
rescue analgesia (42% versus 4%, P < 0.001). During anesthesia, the
OBA group required more vasopressor support as opposed to the
OFA group, who were more hypertensive.

6 Perspectives

Although it seems logical that if patients are not given opioids
during anesthesia, they will be less exposed to opioid-induced side
effects, the hypothesis still needs to be proven in this era of
evidence-based medicine. A shift in medical practice can only be
made if a large body of evidence shows clear advantages of one
technique over another. There are several ongoing clinical trials
registered on clinicaltrials.gov studying opioid-free anesthesia in
major spine surgery, bariatric surgery, cardiac surgery with cardio-
pulmonary bypass and laparoscopic colectomy. An article published
in BMJ in 2018 announced a multicenter, double-blind, rando-
mized, controlled clinical trial comparing opioid-free versus opioid
anesthesia on postoperative opioid-related adverse events after
major or intermediate noncardiac surgery. This POFA trial study
is specifically studying OFA using dexmedetomidine [70]. More
studies should be made on the interactions of the different drugs
used with OFA. This will give clinicians a better understanding of
the effects of their choices and will let them be better prepared for
the patients’ responses to these drugs. There is also a very large
variation regarding the doses of the drugs used currently in OFA,
so protocols need to be established.

7 Conclusions

Opioids are the most potent drugs used to control severe pain at
this time. Their use in the perioperative period provides hemody-
namic stability while establishing pain control and they remain one
of the pillars of anesthesia and pain management. However, their
administration has been proven to be linked to many side effects
that will impact the quality of recovery, patient satisfaction, and
hospitalization length. All of these factors, as well as problems
related to opioid-induced hyperalgesia, opioid chronic use, and
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addiction, are now of great concern for modern society, not only
because of the financial aspect.

In order to reduce opioid administration, research has investi-
gated other drugs that target alternative receptors in an attempt to
manage and control pain. These drugs also have a synergistic effect
that will reduce further opioid requirements, while maintaining
adequate pain control and hemodynamic stability. This multimodal
approach for analgesia utilizes drugs such as ketamine, lidocaine,
dexamethasone, acetaminophen, NSAIDs, and magnesium. In the
same multimodal analgesia context, locoregional anesthesia is uti-
lized. Neuraxial or a peripheral nerve block can be successfully
employed to reduce opioid use in the preoperative period.

These different techniques, whether opioid-reducing opioid-
free anesthesia combine adequate pain control and a reduction of
postoperative nausea and vomiting, ileus, hyperalgesia, and postop-
erative delirium [71, 72].

The literature reports many different protocols using varying
combinations of drugs. It seems that the those practicing opioid-
reducing and opioid-free anesthesia techniques have developed
their own personal protocols but have not studied the effects of
their cocktail on large populations. At the same time, not enough
data is available to determine the safety of different combinations of
these drugs or the superiority of one protocol compared to another.

More studies are necessary to assess what the interactions
between these drugs are. Another question that needs to be
answered concerns indications for OFA. While some patient popu-
lations have been proven to benefit clearly from OFA (obesity,
obstructive sleep apnea syndrome, or opioid dependence), we still
need to assess whether there is an interest in OFA for all patients
and in every surgical situation.

To this regard, clinical researchers must design studies with
rigorous methodology in order to correctly assess the risks and
benefits of OFA for patients in different surgical settings.

Ultimately, opioids are not the enemy but must be approached
with an educated mind. The literature shows that opioid mono-
therapy is not the best option for pain management; a case-by-case
approach is always desirable and should be implemented. Extreme
attitudes towards opioid utilization, like opioid monotherapy ver-
sus opioid-free, could be dangerous.
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New Insights into the Pharmacology of Dexmedetomidine
and Open Issues for Neurosurgical Procedures

Mariantonietta Scafuro, Francesca Gargano, and Marco Fiore

Abstract

Patients undergoing neurosurgical procedures or requiring mechanical ventilation at the end of the
neurosurgical procedure need analgosedation to reduce the anxiety and discomfort related to the interven-
tion, as well as to minimize ventilator intolerance and desynchronizations. Dexmedetomidine is an alpha2-
adrenergic agonist (C13H16HCI), as clonidine but more selective for alpha2-receptor. Dexmedetomidine
has become increasingly popular for use in neurosurgical procedures and intensive care units (ICU) due to
its proposed peculiarities for the management of systemic and cerebral hemodynamics, and the need for
intraoperative cortical mapping.

Nowadays the approved therapeutic indication of the European Medical Agency for dexmedetomidine is
the sedation of adult ICU patients, whereas the recommended use of the Food and Drug Administration,
besides the sedation of adult ICU patients, is the sedation of non-ICU patients prior or during surgical and
interventional procedures. However, in many studies, dexmedetomidine is used off-label.

This chapter would be a quick overview of the dexmedetomidine use in neurosurgical procedures,
providing new insights into its pharmacology.

Key words Dexmedetomidine, Neurosurgery, Neuroanesthesia, Sedation, Intensive care unit,
Chronic subdural hematoma, Awake craniotomy

1 Introduction

Dexmedetomidine (pharmacotherapeutic group: psycholeptics) is a
particular alpha2-adrenergic agonist with sympatholytic, calming,
anxiolytic, and narcotic-saving impacts with minimal unobtrusive
respiratory depression [1]. The sedative and anxiolytic effects are
due to the action of this medication on postsynaptic alpha2-
adrenergic receptors (Fig. 1); in the locus coeruleus, as well, the
sympathetic tone is decreased. Furthermore, the impact of the
discharging of substance P in the dorsal horn of the spinal rope
clarifies the drug’s pain-relieving results; the subtypes of substance
P receptors are present in sensory systems, veins, and vital organs

(Fig. 1).
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Fig. 1 Dexmedetomidine mechanism of action on a2-receptors

Dexmedetomidine is the dextrorotatory enantiomer of the
monohydrochloride (+)-4-(2,3-dimethyl phenyl) ethyl-1H-imid-
azole. The affinity of dexmedetomidine for alpha2-receptors is
eight times that of clonidine [2], and along these lines, dexmede-
tomidine has been utilized generally for patients treated in an
intensive care unit (ICU).

The medical indications approved by the European Medical
Agency (EMA) for dexmedetomidine is the sedation of patients
treated in ICU requiring a sedation level not more profound than
excitement in verbal stimulation [3], relating to Richmond
Agitation-Sedation Scale (RASS) a score of 0 to —3 [4]. Actuality,
the therapeutic indications of the Food and Drug Administration
(FDA) incorporate sedation of ventilated patients during treatment
in ICU (dexmedetomidine not to surpass 24 h), and the sedation of
non-intubated patients before as well as during medical
procedures [5].

2 Pharmacokinetics of Dexmedetomidine

2.1 Absorption

2.2 Distribution

Concerning dexmedetomidine, numerous administration routes
have been explored, although only the intravenous formulation is
approved [3, 5]. Bioavailability of dexmedetomidine after oral
administration is only 16% because of broad hepatic metabolization
(hepatic first-pass) [6]. Then again, dexmedetomidine is absorbed
either through the intranasal and buccal mucosae [7].

The pharmacokinetics parameters of dexmedetomidine appear to
be best portrayed by a two-compartment model, also in end-stage
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renal failure patients [8]; therefore, a dose redefinition is not
required for patients with impaired renal function [9]. In the
dosing range of 0.2-1.4 mcg/kg/h, dexmedetomidine shows
straight pharmacokinetics, and no accumulation of the drug is
seen when dexmedetomidine is given for as long as 14 days [9].

In ICU patients getting dexmedetomidine for 24 h, this medi-
cine has a distribution volume at steady state >93 L [10]. Further-
more, dexmedetomidine displays a high plasma protein binding
rate of 94% (albumin predominantly); in ICU patients with hypoal-
buminemia, after long-term infusion, an expanded distribution
volume at steady state is observed [11].

Dexmedetomidine is removed primarily through biotransforma-
tion by the liver; with a hepatic extraction proportion of 0.7
[12]. Direct N-glucuronidation by uridine 50-diphosphate-glucur-
onosyltransferase (UGT2B10, UGT1A4) represents about
one-third of dexmedetomidine biotransformation. Furthermore,
hydroxylation intervened by cytochrome P450 (CYP) proteins
(essentially CYP2AG6) is exhibited in liver microsomes [13]. The
products of metabolism are hundredfold less powerful as alpha2-
adrenoceptor agonist and therefore they are considered to be
inactive.

Less than 1% of dexmedetomidine is removed unaltered, 90-95% of
the results of metabolism are discharged in the urine, and 4-10% in
feces [13, 14]. The elimination half-life (t1/2) of 2.1-3.1 h, it is
accounted in good health volunteers [14]. In ICU patients’ similar
qualities were found, with the elimination half-life going from 2.2
to 3.7 h and a clearance ranging from 0.53 to 0.80 ml/min/
kg [15].

In patients with hypoalbuminemia, just a reduced half-life has
been accounted. Therefore, clearance is not greatly influenced by
hypoalbuminemia. This is in accordance with the “well-mixed”
liver model, which expresses that for mixes with a high extraction
proportion; the liver blood perfusion is the most significant factor
administering hepatic clearance, and changes in plasma protein
levels are relied upon not to result in modifying drug
clearance [16].

The pharmacokinetic parameters of dexmedetomidine are
shown in Tables 1 and 2.

3 Pharmacodynamics of Dexmedetomidine

Dexmedetomidine has a wide scope of pharmacological properties,
mirroring the alpha2-receptors broad distribution all through the
human body [17].
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Clinical pharmacokinetics of dexmedetomidine

Author
[ref.]  Journal (pub. year) Main results: pro (P) et contra (C)

Absorption Li[7] Anaesthesia (2016)  P. Although only intravenous formulation is approved the
drug is well absorbed through the intranasal and buccal
mucosae

Anttila Br ] Clin Pharmacol  C. Bioavailability after oral administration, for extensive
[6] (2003) hepatic metabolism (first-pass effect) is only of 16%
Distribution Zhong J Clin Pharm Ther P. No dose adjustment is required for patients with
[8] (2017) end-stage renal failure
Tirola  Crit Care (2011) C. In ICU patients with hypoalbuminemia, an increased
[11] volume of distribution at steady state is observed

Metabolism Karol

Best Pract Res Clin

P. Dexmedetomidine is eliminated mainly through

[13] Anaesthesiol biotransformation by the liver; with inactive products
(2000) of metabolism
Anttila Br J Clin Pharmacol  C. It should be used with caution in patients with hepatic
[6] (2003) impairment. A reduced maintenance dose may be
considered
Extraction Farag  Curr Pharm Des P. Less than 1% of dexmedetomidine is excreted
[14] (2012) unchanged, the 90-95% of the products of metabolism
are excreted in the urine and 4-10% in feces
Zhang ] Clin Anesth (2015) C. “Well-stirred” liver model: Liver blood flow governs
[16] hepatic clearance
Table 2

Pharmacokinetic parameters (mean =+ standard deviation)

Loading infusion (min)/total infusion duration (h)

10 min/12 h 10 min/24 h 10 min/24 h 35 min/24 h
Dexmedetomidine Target concentration (ng/mL) and dose (n.g/kg/h)
Pharmacokinetic parameters 0.3/0.17 0.3/0.17 0.6/0.33 1.25/0.70
[2%) 1.78 + 0.30 2.22 +0.59 2.234+0.21 2.50 + 0.61
CL 46.3 + 8.3 43.1 +£6.5 35.3+£6.8 36.5+75
Vss 88.7 £22.9 102.4 £ 20.3 93.6 £17.0 99.6 +£17.8
Avg Css 0.27 £+ 0.05 0.27 £ 0.05 0.67 £ 0.10 1.37 £ 0.20

Legend: terminal elimination half-life (#1,/2) in hours; clearance (CL) estimated in L/h; steady-state volume of
distribution (Vss) in liters; average steady-state concentration (Avg Css) in ng/mL
Inspired from Precedex™ Product Monograph—Hospira Healthcare Corporation
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Sedation with dexmedetomidine looks like common sleep and
impersonates the profound recuperation rest that is seen after lack
of sleep [18].

Dexmedetomidine’s sedative and hypnotic effects are believed
to be intervened through the enactment of focal presynaptic and
postsynaptic alpha2-receptors in the locus coeruleus. It seems to
impact endogenous sleep advancing pathways by diminishing the
terminating of noradrenergic neurons in the brain stem, and by
actuating endogenous non-rapid eye movement (non-REM) path-
ways; in this sense, dexmedetomidine produces a state intently
looking like physiological stage 2 sleep. The exact mechanisms are
not fully understood [19].

Portion subordinate sedation was seen in good health volun-
teers getting intravenous boluses of dexmedetomidine at the dose
of 0.25-2 pg/kg/h, and the sedative impacts of dexmedetomidine
have appeared both in healthy volunteers and in ICU patients [1].

A Ramsay sedation score (RSS) of 3 with an arousal sedation is
generally achieved with a plasma concentration of dexmedetomi-
dine of 0.2-0.3 ng/mL, and the sedation level reaches level at a
plasma convergence of 0.7-1.25 ng/mlL., comparing to a continu-
ous infusion rate of 0.337-0.7 pg/kg/h. Unarousable profound
sedation is thought to happen at plasma focuses above 1.9 ng/mlL,
although it is not easily obtained with dexmedetomidine [20].

Alpha2-receptor, in the central nervous system and spinal cord,
presumably intervenes in pain-relieving effects of dexmedetomi-
dine. The transmission of neural impulses is smothered by hyper-
polarization of interneurons and decrease of the arrival of
nociceptive transmitters, for example, substance P and
glutamate [21].

Studies examining the pain-relieving properties of dexmedeto-
midine found that a bringing about mild to profound sedation to
obtain pain-relieving adequacy. At the point when administered as a
sole medication in good health volunteers, dexmedetomidine at a
dose up to 1.23 ng/mL did not give sufficient pain relief towards
electrical or warmth stimulation [22]. Besides, in a study compar-
ing pain relief and respiratory effects among dexmedetomidine and
remifentanil, the plasma concentration of dexmedetomidine up to
2.4 ng/mL gave less pain relief than remifentanil. Taking every-
thing into account, the pain-relieving effects of dexmedetomidine
are as yet indistinct and may somewhat be inferable from an
adjusted observation and a decreased anxiety [23].

With plasma concentration up to 2.4 ng/mL, negligible respiratory
depression is seen with dexmedetomidine, and the conservation of
the ventilatory reaction to CO, is also noted [24]. In a study
comparing remifentanil to dexmedetomidine in good health volun-
teers, no respiratory depression in the dexmedetomidine group was
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observed for plasma concentrations up to 2.4 ng/mL. The respira-
tory rate augmented proportionally with higher plasma concentra-
tions, which made up for marginally diminished tidal volumes [25].

In any case, when dexmedetomidine is given in association with
other anesthetic medications, an increased narcotic impact with an
expanded danger of respiratory depression or apnea is accounted
for, mainly depending on the combination of different drugs [26].

3.4 Cardiovascular Dexmedetomidine produces commonly a biphasic hemodynamic

Effects reaction: Bringing about low mean arterial pressure (MAP) at low
plasma concentrations and high MAP at higher plasma concentra-
tions. An intravenous (IV) bolus of dexmedetomidine results in a
high (top) plasma concentration, with an increased MAP and a
decreased heart rate (HR). During this stage, a stamped increment
in fundamental vascular opposition has appeared.

The hemodynamic reaction is thought to begin from alpha2-
receptor enactment in the vascular smooth muscles, causing rapid
vasoconstriction along with hypertension. A rapid decrease joins
this in HR, apparently brought about by the baroreceptor reflex.
The primary hypertension is avoided if a loading dose is adminis-
tered over a period of 10 min [27].

Following a couple of minutes, when dexmedetomidine plasma
concentration decline, the vasoconstriction lessens, as dexmedeto-
midine likewise actuates alpha2-receptors in the vascular endothe-
lial cells, bringing about vasodilation. Similarly, as with starting
high plasma focuses after an IV bolus or quick stacking portion,
higher dosages are related to dynamic increments in MAP. The
hypertensive effects beat the hypotensive effects at a concentration
range of 1.9-3.2 ng/mL [28]. Dexmedetomidine is not related
with bounce back hypertension or tachycardia after infusion dis-
continuation; for example, insignificant changes in MAP and HR
were seen following the sudden suspension of dexmedetomidine in
critically ill patients [29].

Dexmedetomidine also showed to reduce the cerebral blood
flow by about a third at 0.2-0.6 pg/kg/h in a dose-dependent
manner. This property makes it particularly suitable for neurosurgi-
cal procedures [30].

4 Dexmedetomidine Use in Neurosurgical Methods

Dexmedetomidine is commonly used in different neurosurgical
settings including chronic subdural hematoma, awake craniotomy,
vertebroplasty /kyphoplasty, and laminotomy/discectomy, as well
as for sedation and pain management in the postoperative course
(Table 3).

Chronic subdural hematoma (CSDH) is a widespread clinical emer-
gency experienced in neurosurgery. Monitored anesthesia care
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4.1 Chronic Subdural
Hematoma

(MAC) is particular anesthesia management for therapeutic or
diagnostic scopes performed under local anesthesia along with
analgosedation [31] and probably is the favored anesthesia man-
agement among surgeons.

In a study by Wang et al. [32] the authors evaluated the
neuroprotection and efficaciousness of dexmedetomidine com-
pared to sufentanil in CSDH patients undergoing burr-hole sur-
gery. The authors enrolled two-hundred and fifty patients divided
into three groups: first group (67 patients, dexmedetomidine at
dose of 0.5 pg/kg/h for 10 min), the second group (75 patients,
dexmedetomidine infusion at dose of 1 pg/kg /h for 10 min), and a
third group (73 patients, sufentanil at a dose of 0.3 pg/kg/h for
10 min). RSS score of all three groups was 3. The authors explored
several outcomes: the onset time of anesthesia, the total amount of
intraoperative patient movements, hemodynamic changes, the total
dose of dexmedetomidine, time to initial dose and quantity of
rescue benzodiazepine or opioid. Furthermore, the proportion of
patients converted to other sedatives or other types of anesthetic,
medical care, postsurgical recovery time, adverse events, and
patients’ and surgeons’ satisfaction scores were recorded. Com-
pared to sufentanil, dexmedetomidine at a dose of 1 pg/kg,/h was
related to fewer intraoperative movements, fewer rescue maneu-
vers, quicker postsurgical recovery, and higher patients’ and sur-
geons’ satisfaction scores [32]. Later on, Surveet al [33] compared
dexmedetomidine sedation technique in combination with local
anesthesia versus general anesthesia technique. The local anesthesia
consisted of the infiltration of 0.5% bupivacaine (2 ml) and 2%
lidocaine (2 ml) plus vasoconstrictive at every burr hole site.
Seventy-six CSDH patients were enrolled and prospectively rando-
mized into two groups: Dexmedetomidine group (38 patients,
receiving dexmedetomidine at a dose of 1 pg/kg/h over 10 min
followed by its infusion at a dose of 0.5 pg/kg/h) and General
Anesthesia group (38 patients, of those four patients, were
excluded, receiving general anesthesia). The dexmedetomidine
sedation technique in combination with local anesthesia was related
to considerably shorter surgical time, lower hemodynamic effects,
fewer surgical complications, and shorter hospitalization [33].

More recently, Bishnoiet et al. [34] compared the effects of
dexmedetomidine versus the fentanyl-midazolam combination.
The authors enrolled 22 CSDH patients undergoing burr-hole
surgery. The patients were randomized in a dexmedetomidine
group and in a fentanyl-midazolam group. The dexmedetomidine
was administered at a dose of 1 pg/kg/min over 10 min followed
by the continuous infusion of dexmedetomidine at a dose of
0.03-0.07 pg/kg/h. Fentanyl at a dose of 0.5 pg/kg followed by
a continuous infusion of fentanyl, 0.5-1.16 pg/kg/h, p/us mida-
zolam at a dose of 0.03 mg/kg over 10 min followed by continuous
midazolam infusion of 0.03-0.07 mg/kg/h. The anesthetic agents
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were titrated to obtain an RSS score of 3. Intraoperative patient
movement, surgical recovery time, and the surgeons’ and patients’
satisfaction scores were explored. Dexmedetomidine was associated
with fewer intraoperative patient’s movements, quicker surgical
recovery, higher surgeons’ satisfaction score, and patients’ satistac-
tion score compared with fentanyl-midazolam association [34].

Awake craniotomy (AC) means the execution of at least a part of
the neurosurgical procedure with an open skull and the patient
awake [35]. Historically, AC procedures have been developed
since the nineteenth century for removal epileptic foci under local
anesthesia.

Nowadays thanks to recent monitoring techniques and the
accessibility of newer anesthetic agents, indications of this operative
modality have been extended to the execution of stereotactic biop-
sies, treatment of vascular lesions, resection of tumor lesions in the
areas of language, and excision of supratentorial lesions located in
different cortical areas. Commonly used anesthetic managements
for AC are the MAC approach, and the asleep—awake—asleep (AAA)
technique [36]. The MAC anesthesia focuses on conscious sedation
that manages patients’ pain and agitation, whereas maintaining the
patient’s ability to execute commands and patient’s ability to pro-
tect the airway. Conversely, the AAA technique uses general anes-
thesia while invasive airway management, either laryngeal mask
(LM) or tracheal tube (TT), before and once intraoperative
mapping of the cortex [37]. Another approach for awake craniot-
omy is the Asleep—Awake (AA) technique which foresees a phase of
general anesthesia followed by awakening for the mapping of the
cortex after which subsequent sedation can be foreseen for the
completion of the intervention. Suero Molina et al. [38] in a
study enrolling one hundred eighty patients undergoing gliomas
resection compared AC with dexmedetomidine (75 patients) and
AAA with remifentanil and propofol (105 patients). In the AAA
group, there was invasive airway management with an LM. The
authors retrospectively evaluated the records of adverse events, the
dose and frequency of drugs used, the operative time and the post-
surgical hospitalization: In the dexmedetomidine group was signif-
icantly lower analgesic request, less use of vasoactive agents, shorter
operative time and post-surgical hospitalization [38]. These find-
ings suggest that dexmedetomidine is a despicable anesthetic agent
in AC management. Furthermore, Elbakry et al. [39] recently
evaluated the association of dexmedetomidine and propofol versus
the association of remifentanil and propofol for epileptic patients
undergoing AC surgery: 60 patients were randomly divided into
two groups of 30 patients; the propofol-dexmedetomidine group
and the propofol-remitentanil group. Sedation score, patients’ sat-
isfaction, surgeons’ satisfaction, HR, MAP, and oxygen saturation
were evaluated; adverse drug reactions, as well as respiratory
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depression, nausea, vomiting, and airways obstruction, were con-
jointly evaluated. Higher Sedation score was found within the
propofol-remifentanil group compared to the propofol-dexmede-
tomidine group. There have been no important differences in
patients’ satisfaction scores between each group. The HR was
lower within the propofol-dexmedetomidine group. The inci-
dences of adverse events as nausea, vomiting, oxygen desaturation,
and respiratory depression were statistically lower within the pro-
pofol-dexmedetomidine group. The authors concluded that pro-
pofol-dexmedetomidine  association is as effective  as
propofol-remifentanil association; however, with fewer adverse
effects for conscious sedation throughout AC [39]. In another
randomized study comparing the association of remifentanil plus
propofol versus dexmedetomidine, Goettel et al. [40] prospectively
enrolled 50 patients (25 patients in the remifentanil-propofol
group and 25 patients in the dexmedetomidine group) undergoing
AC for surgical resection of a supratentorial tumor. The authors
evaluated as outcomes the capability to perform intraoperative
mapping of the cortex assessed on a numeric rating scale (NRS);
the efficaciousness of sedation measured by the revised Observer’s
Assessment of Alertness/Sedation (OAA/S) scale; respiratory and
hemodynamic changes; anxiety; pain; sedation; adverse drug events
and patient’s satisfaction. No significant differences regarding the
capability to perform intraoperative mapping of the cortex and the
level of sedation during the mapping were found; however, respira-
tory adverse events were less frequent in the dexmedetomidine
group. The HR was lower within the dexmedetomidine group
over time, although no treatment was necessary. In conclusion,
dexmedetomidine was as effective as propofol-remifentanil associ-
ation in performing intraoperative mapping of the cortex; however,
with fewer adverse effects for conscious sedation throughout AC
for resection of a supratentorial tumor [40]. Previously, Garavaglia
et al. [41] described an anesthesiologic approach for AC consisting
in dexmedetomidine analgosedation technique in combination
with local infiltration of bupivacaine for the scalp nerve block.
The authors enrolled ten patients, with a high risk of respiratory
depression, undergoing AC for a resection of brain tumor requiring
the intraoperative mapping of the cortex. The patients had a suc-
cesstul AC with a median operative time of 3.5 h (range 3-9 h),
either in one case, with a prolonged surgery required due to the
difficulty of surgical resection [41]. More recently, Lin et al. [42]
enrolled 135 patients with supratentorial mass lesions (frontal par-
ietal-temporal regions); the patients were randomized to four
groups: “propofol,” “midazolam,” “fentanyl,” and “dexmedeto-
midine” groups. The anesthetic agents were titrated to obtain
sedation; however, totally cooperation (OAA/S score = 4); the
Stroke Scale of the National Institutes of Health (NIHSS) was
used to assess the neurological perform before and once sedation.
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The primary outcome was the proportion of NIHSS-positive
amendment in patients once sedation to OAA/S = 4. Of all
patients enrolled, one-third had a neurological deficit at baseline.
The proportion of NIHSS-positive amendment was 72% of changes
in the midazolam group, 52% in the propofol group, 27% in the
fentanyl group, and 23% in dexmedetomidine group: No statistical
difference was observed in the midazolam group compared to
propofol group, and no statistical difference was observed in the
fentanyl group compared to the dexmedetomidine group. More
focal neurologic deficits (mainly ataxia and limb motor weakness)
due to the anesthetic agent, were observed in midazolam and
propofol groups compered to fentanyl and dexmedetomidine
groups. The population more susceptible to acquired focal neuro-
logic deficits was patients with high-grade gliomas independently of
the anesthetic agent used. In conclusion, at the same sedation level,
less neurologic deficits were observed with fentanyl or dexmedeto-
midine use instead of midazolam or propofol use; patients with
high-grade gliomas were more prone than those with low-grade
gliomas to induced neurologic dysfunctions [42].

In a randomized, prospective, double-blind study, Lee et al. [43]
compared remifentanil versus dexmedetomidine for MAC manage-
ment of less compressive vertebral fractures in 75 patients with an
ASA class from 1 to 3 and aged more than 75 years. Thirty-seven
patients received remifentanil infusion (remifentanil group) at a
dose of 1-5 pg/kg/h and thirty-eight patients received dexmede-
tomidine (dexmedetomidine group) at a dose of 0.3-0.4 pg/kg
followed by dexmedetomidine infusion at a dose of 0.2-1 pg/kg/
h to obtain, during the procedure, an OAA/S scale inferior to
4. No significant differences were observed in the two groups
about analgesia, recovery time, oxygen saturation, and researchers’
satisfaction. However, in the dexmedetomidine group, the patients
had a significantly lower HR and MAP with higher oxygen satura-
tion and less respiratory depression. In conclusion, dexmedetomi-
dine showed the same effectiveness with minor risk of respiratory
depression [43].

In a controlled investigation, Peng et al. [44] enrolled 60 patients
undergoing elective lumbar laminotomy and discectomy. The
authors randomly assigned patients to receive either dexmedetomi-
dine—fentanyl or midazolam—fentanyl for conscious sedation.
Patient-controlled intravenous analgesia with fentanyl was used
for postoperative pain management. Hemodynamic and respiratory
changes, sedation scores, pain scores, fentanyl consumption,
patient satisfaction, postoperative hospital stay, and adverse events
were recorded. The HR was lower in the dexmedetomidine—fenta-
nyl group compared to midazolam—fentanyl group; the intraopera-
tive, postoperative, and total consumption of fentanyl were lower in
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4.5 Postoperative
Care

the dexmedetomidine—fentanyl group; no significant differences
were found for adverse events, postoperative hospital stay, or satis-
faction between the two groups. The authors concluded that
although awake lumbar disc surgery can be performed successfully
under sedation with either midazolam—fentanyl combination or
dexmedetomidine—fentanyl combination, the latter may be a better
alternative for the opioid-sparing strategy [44].

Effective management of analgosedation in the ICU depends on
the patient’s needs, measured with subjective and/or objective
tools, and the titration of the anesthetic drug to reach specific
endpoints. Srivastava et al. [45] compared the efficacy of dexmede-
tomidine, propofol, and midazolam for sedation in neurosurgical
patients during postoperative mechanical ventilation. Ninety
patients, ASA class from I to III, undergoing neurosurgery and
requiring postoperative ventilation were randomized: The patients
were divided into three groups: The first group received dexmede-
tomidine (1 pg/kg over 15 min as a loading dose, followed by
0.4-0.7 pg/kg/h); the second group received propofol (1 mg/kg
over 15 min followed by 1-3 mg/kg/h); and the third group
received midazolam (0.04 mg/kg over 15 min followed by
0.08 mg/kg/h). In this study, HR, MAP, sedation level, fentanyl
requirements, and ventilation and extubation times were assessed.
An adequate sedation level was achieved with all drugs. Less fenta-
nyl was required in the dexmedetomidine group for the postopera-
tive pain control. There was a decrease in HR in patients in the
dexmedetomidine group after the drug infusion, but no significant
difference versus propofol group and midazolam. Extubation time
was significantly lowest in the group receiving propofol [45].

5 New Clinical (Off-Label) Applications

5.1 CGraniotomy

Neither EMA [3] nor FDA [5] approved the use of dexmedetomi-
dine in patients undergoing neurosurgery under General Anesthe-
sia. However, there are several studies in the literature in which
dexmedetomidine has been used in this anesthetic management.

New dexmedetomidine use trends in neurosurgical procedures are
illustrated in Table 4.

Luo et al. [46] randomly enrolled 60 patients into two groups:
30 patients receiving intravenous saline solution and 30 patients
receiving intravenous dexmedetomidine at a dose of 1 pg/kg
10 min before anesthesia induction, with a maintenance dose of
0.4 pg/Kg/h. MAP and HR were compared between the two
groups before anesthesia induction (T1), before tracheal intubation
(T2), immediately after tracheal intubation (T3), 1 min after tra-
cheal intubation (T4), 3 min after TT (T5), 5 min after TT ('T6).
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New dexmedetomidine use trends in neurosurgical procedures

Study
design
(no. of
Author Journal Observation patients Country, Main results: pros (P) and
[ref.] (pub. year) time span  enrolled)  procedure  cons (C)
Luo [46] Clin Neurol 2013 RCT (60)  China, P. Increased hemodynamic
Neurosurg (January) craniotomy  stability, reduction of
(2016) to 2015 inflammatory, oxidative
(May) stress and brain injury
markers
Kim [47] Yonsei Med ] Not RCT (64) South Korea, P.Increased hemodynamic and
(2016) provided craniotomy  respiratory stability
Tanskanen Br ] Anaesth Not RCT (54) Finland, P. Increased hemodynamic and
[48] (20006) provided craniotomy  respiratory stability
Kido [62] Masui (2014) Not CR (1) Japan, P. Patient comfort and had no
provided gasserian communication difficulty
ganglion
block

RCTrandomized controlled trial, CR care report

The levels of serum interleukin-6 (IL-6), tumor necrosis factor-o
(TNF-a), superoxide dismutase (SOD), malondialdehyde (MDA),
neuron-specific enolase (NSE) and S1008 were compared between
the two groups before surgery, immediately post-surgery, and 24 h
post-surgery. The authors found no significant differences in MAP
and HR between the two groups at T1, T2, T5, and T6. The levels
of MAP and HR in dexmedetomidine group were significantly
lower than those in placebo group at T3 and T4. No significant
differences of preoperative levels of serum TNF-a, IL-6, NSE,
S$100p8, SOD, and MDA were found between the two groups.
Serum levels of TNF-a, IL-6, NSE, S1008, and MDA were signifi-
cantly reduced, whereas SOD was significantly lower in placebo
group compared with those in dexmedetomidine group at surgery
time and 24 h post-surgery [46]. In a contemporaneity study Kim
et al. [47] compared the effects of dexmedetomidine and remifen-
tanil on airways reflex and hemodynamic changes in patients under-
going craniotomy for clipping of unruptured cerebral aneurysm; in
this prospective, randomized, double-blind study, the authors
enrolled 74 patients who were divided into groups: the dexmede-
tomidine group (dexmedetomidine at a dose of 0.5 pg/kg over
5 min) and the remifentanil group (remifentanil at a concentration
of 1.5 ng/mL, until extubation). Both the incidence and severity of
cough and the hemodynamic changes were assessed during the
recovery period. Hemodynamic changes, respiration rate, and
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5.2 Postoperative
Care

sedation scale were measured after extubation and in the post-
anesthetic care unit. The coughing (grade 2 and 3) at extubation
was significantly reduced in the dexmedetomidine group (53.1%)
compared to the remifentanil group (62.5%). At admission in the
post-anesthetic care unit, both MAP and HR as well as HR at
10 min were significantly lower in the dexmedetomidine group.
Respiratory rate was significantly lower in the remifentanil group at
2 and 5 min after extubation. The authors concluded that either a
single bolus of dexmedetomidine or continuous infusion of remi-
fentanil have the same efficacy in attenuating cough and hemody-
namic changes in patients subjected to brain aneurysm clipping;
however, dexmedetomidine presented better preservation of the
cough reflex after extubation [47]. In a previous study Tanskan
et al. [48] enrolled 54 patients undergoing eclective surgery of
supratentorial brain tumors; the authors randomly assigned to
receive in a double-blind manner a continuous dexmedetomidine
infusion (plasma target concentration 0.2 or 0.4 ng/ml) or pla-
cebo, beginning 20 min before anesthesia and continuing until the
start of skin closure. Dexmedetomidine group received fentanyl
2 pg/kg at the induction of anesthesia and before the start of the
operation, whereas the placebo group received an infusion of 4 pg/
kg of fentanyl, respectively. Dexmedetomidine increased perioper-
ative hemodynamic stability in patients undergoing brain tumor
surgery. Compared with fentanyl, the extubation was faster, with-
out respiratory depression, in the dexmedetomidine group [48].

Pain management for patients undergoing craniotomy remains
challenging. Peng et al. [49] in a prospective study, randomly
allocated into two equal groups 80 patients undergoing elective
supratentorial craniotomy under sevoflurane /fentanyl anesthesia,
to receive a continuous dexmedetomidine infusion of 0.5 pg/kg/
h or placebo. In both groups, the administration began after induc-
tion and continued until the beginning of surgical stitching of the
wound. Intravenous tramadol at a dose of 0.5 mg/kg was adminis-
tered to achieve an assessment score of 4 or less of the 11-point
numeric scale (NRS 11) in the post-anesthesia care unit and subse-
quently in the ward. Pain scores, tramadol consumption, sedation
scores, postoperative nausea and vomiting (PONV) and adverse
events were assessed in the first 24 h after surgery. Of the
80 patients, 76 were included in the analyses. Dexmedetomidine
significantly reduced PONV scores, pain scores and postoperative
tramadol consumption; fewer PONV events, requiring any treat-
ment, were recorded in the dexmedetomidine group [49]. In a
more recent randomized trial by Zhao et al. [50], the authors
evaluated the efficacy and safety of dexmedetomidine for sedation
and prophylactic analgesia in craniotomy patients who had delayed
extubation after surgery. One-hundred and fifty patients with
delayed extubation after craniotomy were randomized 1:1 and
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assigned either to the dexmedetomidine group (continuous dex-
medetomidine infusion at a dose of 0.6 pg/kg,/h) or to the control
group (maintenance intravenous infusion of 0.9% sodium chlo-
ride). The following were identified as outcomes: the mean per-
centage of time under optimal sedation (SAS 3—4), the rate of
patients who required rescue management with propofol-fentanyl,
the total dose of propofol-fentanyl administered, the VAS, HR,
MAP, and oxygen saturation. In the dexmedetomidine group, the
percentage of time under optimal sedation was significantly higher
than in the control group. Furthermore, in the dexmedetomidine
group VAS was significantly lower than in the control group; HR
and MAP were significantly lower in in patients undergoing con-
tinuous infusion of dexmedetomidine at the three specified time
points (before TT, immediately after TT, and 30 min after TT). No
significant difference in oxygen saturation was observed between
the two groups. In the dexmedetomidine group, patients were
more likely to develop bradycardia but were less likely to have
tachycardia than in the control group. The author concluded that
dexmedetomidine might be an effective prophylactic agent to
induce sedation and analgesia in patients with delayed extubation
after craniotomy [50].

Optimal anesthesia for craniotomies should eliminate the
response to noxious stimuli, leaving patients sufficiently vigilant
for early neurological assessment. Rajan et al. [51] compared post-
operative blood pressure control, pain scores, and opioid require-
ment after anesthesia with dexmedetomidine versus remifentanil.
There were two questions to which the authors wanted to answer:
Whether the intraoperative administration of dexmedetomidine
provides better control of postoperative blood pressure than remi-
fentanil and whether patients treated with dexmedetomidine have
less postoperative pain with an opioid-sparing management. Adults
undergoing elective brain tumor excisions under balanced general
anesthesia with endotracheal intubation were randomized to remi-
fentanil (71 patients, infusion at a dose of 0.08-0.15 pg/kg,/min)
or dexmedetomidine (68 patients, infusion at a dose of 0.2-0.7 pg/
kg/h). The values of MAP and pain scores were evaluated 15, 30,
45, 60, and 90 min after surgical procedure. Outcomes were
assessed with joint hypothesis testing, evaluating noninferiority
and superiority. The dexmedetomidine was more effective in
controlling postoperative hemodynamics providing superior
analgesia [51].

6 Discussion and Future Perspectives

Many anesthetics have been used for sedation, analgesia, and anxio-
lysis in neurosurgery procedures. When choosing an agent for
neurosurgical sedation, multiple factors must be carefully
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evaluated. Typical considerations include the indication for seda-
tion, onset of action, duration of action, route of elimination, drug
interactions, and adverse effects. Goodwin et al. [52] suggested
that another (perhaps less commonly considered) criteria should be
taken into consideration: the potential impact of the sedative drug
on cognition, neurological sequelaec and the probability that it
(appropriately used) reaches a state capable of providing a “cooper-
ative sedation” [52-54], that seems to be the most crucial criterion
in neurosurgical procedures, in which the ability to perform intrao-
perative brain mapping is of paramount importance. Data emerging
from literature show that dexmedetomidine presents all these char-
acteristics; furthermore, by anticonvulsive effects [55], stabilizing
hemodynamics, reducing inflammation, and inhibiting free radical
generation, it also plays an important role on brain protection
[44]. In addition, dexmedetomidine has neuroprotective effects
in various animal models of both ischemic and hemorrhagic brain
injury [56]. This aspect seems to be confirmed in patients with
traumatic brain injury (TBI) in a prospective controlled trial con-
ducted by Wang et al. [57]. The authors examined the effect of
dexmedetomidine on cerebral blood flow (CBF) in critically ill
patients with or without TBI: 15 patients without TBI and
20 patients with TBI with a Glasgow Coma Scale score of 4-14
were enrolled. All patients received 1 pg/kg of dexmedetomidine
infused over 10 min, followed by a 0.4 pg/kg/h in continuous
infusion for 60 min. Blood pressure was maintained at the
pre-sedation level with dopamine in all patients. The CBF and
cerebral metabolic rate equivalent (CMRe) were measured before
sedation and 70 min after dexmedetomidine administration. Dex-
medetomidine administration significantly decreased CBF in
patients without TBI, not altering the CMRe and CMRe/CBF
ratio. The percentage of CBF reduction was higher in the patients
without TBI compared to patients with TBI; however, CMRe and
CMRe/CBF were not significantly different in the TBI group
[57]. Schomer et al. [58] retrospectively studied the potential
benefit of adding dexmedetomidine infusion to standard sedati-
ve—analgesic infusions for the management of refractory intracra-
nial hypertension. The primary objective of this study, that
represents the first clinical series regarding dexmedetomidine use
in neuro-critically ill patients for the treatment of refractory intra-
cranial hypertension, was to determine the effect of dexmedetomi-
dine on the need for rescue therapy [i.e., hyperosmolar boluses,
extraventricular drain (EVD) drainages] for refractory intracranial
hypertension. Secondary objectives included the number of intra-
cranial pressure (ICP) excursions, bradycardic, hypotensive, and
compromised cerebral perfusion pressure episodes. This retrospec-
tive cohort study evaluated patients admitted to the neurosurgical
ICU who received dexmedetomidine for refractory intracranial
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hypertension. Dexmedetomidine reduced the use of rescue thera-
pies such as hyperosmolar boluses [58].

High concentrations of dexmedetomidine are significantly
associated with an increase in systemic and pulmonary vascular
resistance, resulting in systemic and pulmonary hypertension.
This could be a limiting factor in the use of the drug, especially in
patients with known heart problems, who can count on increasing
their heart rate to provide an adequate cardiac output [27].

However, transesophageal echocardiographic evaluation in
patients undergoing continuous infusion of dexmedetomidine dur-
ing general anesthesia with the combination of propofol and remi-
fentanil showed no alteration of cardiac function. The Stroke
volume remains stable if the plasma concentration is <5 ng/mL
and the Cardiac output was reduced cardiac output was due to
lower heart rate [59].

Erdman et al. [60] in a retrospective, propensity-matched
study, enrolled a total of 342 patients (105 dexmedetomidine and
237 propotol) with 190 matched (95 in each group) and compared
the prevalence of severe hemodynamic effects in patients with a
diagnosis of neurologic injury, receiving either dexmedetomidine
or propofol. The authors identified as the primary outcome of the
study severe hypotension (MAP <60 mmHg) associated to brady-
cardia (HR <50 beats/min): No difference was found in the pri-
mary composite result in both cohorts during sedative
infusion [60].

An emerging therapeutic aspect is the perioperative infusion of
dexmedetomidine, during general anesthesia, as an opioid-sparing
strategy. Intraoperative dexmedetomidine infusion could be effec-
tive both for reducing pain and analgesic consumption [49] and
postoperative MAP, providing superior analgesia after craniotomy
[51] and can be safely used for both intubated and extubated
patients following uneventful intracranial procedures [61].

Concerning administration strategies, the rate of infusion of
dexmedetomidine is titrated during the procedures, to obtain the
appropriate sedation level, and in our experience, about half of
patients need to reach an infusion rate of 0.7 pg/kg/h. In our
ongoing investigation during radiofrequency thermocoagulation,
no mechanical ventilation was required for any patient. Ten patients
experienced moderate bradycardia that did not require pharmaco-
logical treatment, in three patient it was necessary to infuse atropine
0.01 mg/kg and seven patients presented a hypotensive episode
resolved by increasing the crystalloid infusion or using colloidal
solutions. In no patient was it necessary to infuse additional doses
of opioids and /or other analgesics.

Our experience suggests that dexmedetomidine off-label use
could be implemented, as it is the case of the use of dexmedetomi-
dine during radiofrequency thermocoagulation for pain treatment,
where it could be a valid anesthetic option. In literature, there is
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only a Japanese case report: Kido et al. [62] described a case of
successful procedural sedation using dexmedetomidine in a
68-year-old woman undergoing left gasserian ganglion block for
intractable trigeminal neuralgia. During the entire duration of the
intervention, the patient was comfortable and did not present
verbal difficulties under sedation with dexmedetomidine [62].

Future studies are needed to evaluate the dexmedetomidine use
in new pain management strategies.
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Transgenic Mouse Models, General Anesthetics,
and Alzheimer Disease: Findings from Preclinical Studies
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Marco Cascella, Arturo Cuomo, and Claudio Arra

Abstract

Alzheimer’s disease (AD) is a neurodegenerative pathology outlined by severe memory impairment and by a
developing disruption of cognitive functions. Unfortunately, in contrast with many published data on this
disorder, no successful pharmacological approaches and /or therapeutic drugs are available up to now. It has
been postulated that the environmental factors (e.g., medications) through the interaction with genetic
factors, are able to modulate AD. Growing shreds of evidence highlighted a presumable role of general
anesthetics in progression of neurodegenerative processes, including AD. Interestingly, it has been
hypothesized an association between anesthetic exposure and postoperative impairment of cognitive
trajectory, in terms of postoperative cognitive dysfunction, and AD progression. Specifically, a hypothesis
quite overtly postulates that especially inhaled anesthetics may have important effects on the progression of
AD, leading to a severe cognitive impairment, although this is still debated. To shed light on this issue, and
considering that it is not possible to perform studies in humans, many studies have been performed on AD
transgenic animal models featuring neurofibrillary tangles, amyloid beta accumulation (plaque), and
behavioral changes due to cognitive dysfunction. In this chapter, we highlight and describe these studies
and the methodologies used. Findings emerged from these studies are inconclusive and indicate that
anesthetics may promote, or not, the progression of AD, depending on the different experimental condi-
tions, and probably anesthetics are not alone responsible for the cognitive impairment in the investigated
animal models. Thus, further research in this paramount field is urgently needed.

Key words Alzheimer disease, Mild cognitive impairment, Inhaled anesthetics, Transgenic mice,
Memory impairment, p-Amyloid protein, Tau protein, Neurofibrillary tangles

1 Introduction

The term dementia describes a mosaic of symptoms featured by a
progressive impairment in mental abilities, including memory,
attention, thinking, and judgment, as well as personality changes.
These symptoms are associated with several clinical conditions such
as infections, medication side effects, vitamin deficiency, depres-
sion, severe hypothyroidism, and alcoholism. While in these condi-
tions (dementia-like symptoms) the memory impairment and other
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described symptoms may ameliorate when the underlying disease is
treated or addressed, in specific brain disorders featuring dementia,
symptoms are permanent and worsen over time.

This mixed group of degenerative diseases encompasses the
Alzheimer’s disease (AD), the frontal temporal lobe degeneration,
and the Lewy body dementia. Other types of progressive brain
disease responsible for the occurrence of dementia symptoms are
the vascular contributions to dementia and cognitive impairment,
the mixed dementia (a combination of two or more types of
dementia), the argyrophilic grain disease, the Creutzfeldt-Jakob
disease, the Huntington’s disease, the chronic traumatic encepha-
lopathy, the Parkinson’s disease (not always result in dementia), and
the HIV-associated dementia.

Alzheimer’s disease (AD) represents a devastating outline of
dementia featured by memory impairments and dramatic cognitive
dysfunctions. AD is the most common form of dementia, account-
ing for approximately two-thirds of all cases. In neuropathological
terms, AD patients undergo a diffuse progressive injury of neurons
and synapses which mainly involves the amygdala and the hippo-
campus. Although many have published data on the pathogenesis
of this devastating neurodegenerative disorder, no successful phar-
macological approaches and/or therapeutic drugs are available up
to now. Indeed, current medications (e.g., cholinesterase inhibi-
tors, and memantine) used in the early stages of the disease may
only help lessen or stabilize cognitive symptoms for a limited time.
In addition, approximately 50 million of persons globally live with
dementia in 2017, and this number will get tripled in 2050. In the
face of this alarming scenario, the search is on for potential new
alternative strategies (e.g., natural compounds) [1-3].

Growing shreds of evidence highlighted a presumable associa-
tion between general anesthetics medication exposition and accel-
erated progression of neurodegenerative processes in AD
neuropathology [4, 5]. Interestingly, a link between anesthetic
exposure and postoperative impairment of cognitive trajectory, in
terms of postoperative cognitive dysfunction, and AD progression
has been hypothesized [2, 6-18]. Investigations experimentally
demonstrated that anesthetics alone may lead to an increment in
the amyloid beta proteins (APP) production and aggregation
[19-21] and are able to aggregate and to separate the tau protein
[22-24].

To dissect this significant issue, many preclinical studies have
been performed on AD transgenic (Tg) animal models [19-25]. In
this chapter, we highlight and summarize these studies by focusing
on the role of the inhaled anesthetics on the neuropathology of
AD. Data emerged from these findings suggest that the anesthetics
may contribute to accelerating AD’s neuropathology but are not
alone responsible for the cognitive impairment. Thus, is extremely
urgent to conduct additional preclinical studies to ensure that
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clinicians can select the most appropriate anesthetic strategy for the
safety of AD patients (to reduce the risk of worsening AD) and for
those with a high risk of cognitive impairment such as people
showing mild cognitive impairment (MCI). Indeed, clinically,
dementia is preceded by this lesser degree of cognitive impairment
which represents the stage between the typical cognitive decline of
normal aging and the more severe decline of dementia. Symptoms
of MCI may remain stable for years, progress to AD or another type
of dementia (10-15%), or improve over time.

2 Alzheimer’s Disease Pathogenesis: The Hypothesis of the Interplay Between Ap
Metabolism and Tau Pathology

The first step in the complex process of AD neuropathogenesis is
represented by the formation of extracellular amyloid plaques
(AP40 and Ap42) and intraneuronal neurofibrillary tangles
(NFTs), formed by tau proteins atypically hyperphosphorylated
and put together into typical filaments [26]. These features are
present in the hippocampal regions, which are involved in the
storage of the memory, and in the temporal neocortex of the AD
brain [27]. The aberrant depositions of the hyperphosphorylated
tau protein and of the amyloid beta peptide (AP peptide) are
responsible for the arrangement of amyloid plaques and NFTs
leading to neurotoxicity and neuronal loss in the AD-affected
brain [28]. A key role in AD pathogenesis is played by the accumu-
lation of AP peptides, which, in turn, induces neurotoxicity, proba-
bly through the activation of the oxidative stress [29-32]. The
degeneration and the death of neurons which represent the final
step in AD neuropathogenesis are also caused by the microglia and
astrocytes activation that are involved in the inflammatory reply to
the deposition of Ap (neuroinflammation) [33]. Microglia identi-
fied as the resident immune cells of the central nervous system
(CNS), normally react to neuronal damage and discard the dam-
aged cells by phagocytosis. However, these cells have adverse activ-
ities in different neuropathological conditions. The microglial
activation (M1 phenotype) induces a complex cascade which
involves the secretion of reactive oxygen species (ROS), reactive
nitrogen species (NOS) and many pro-inflammatory molecules
such as tumor necrosis factor-a (TNF-a), interleukin (IL) IL-6,
and IL-1p. In turn, the oxidative stress and the neuroinflaimmation
processes are responsible for an increased calcium influx, altered
kinase and phosphatase activities, irregular regulation of transcrip-
tion factors, and disruptions in ion channel and receptor gene
expression. All these processes culminate in progressive impairment
of the neurovascular working which leads to axonal demyelination,
local hypoxia-ischemia, and white matter damages [29-33].
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One of the mechanisms underlined the neuropathogenesis of
AD is based on the axiom of the combined role of Ap metabolism
and tau pathology.

Accordingly, to the amyloid hypothesis, AP is produced
thought consecutive reactions of proteolysis of amyloid precursor
protein (APP) catalyzed by specific enzymes (a-secretase and
[B-secretase, an aspartyl protease B-site APP-cleaving enzyme) in
different transmembrane domains [34-36]. After this process, Ap
is removed by the extracellular space and transferred into the blood
and cerebrospinal fluid barrier (CSF) where is progressively
degraded into metabolites with lower neurotoxicity by specific
enzymes [37—40]. All these enzymes are able to regulate the Ap
catabolism and finally influenced the level of A in the brain, whose
alteration may contribute to AD development and progression, as
previously demonstrated [41-43].

As mentioned before, also tau proteins contributed to AD
pathogenesis. Normally localized in the axons, these proteins
undergo to aberrant phosphorylation in AD and in more neurode-
generative diseases [44—47]. Tau phosphorylations are mediated by
specific enzymes, predominantly the kinases [48, 49], while the
phosphatases catalyze tau dephosphorylation in the brain
[50]. Importantly, a correct balance in the activities of these
enzymes is crucial for the maintenance of tau phosphorylation
homeostasis. In absence of this balance, the NFTS will be formed
leading to the neuronal cell death which represents the final step of
AD neuropathogenesis [51] (Fig. 1).

3 Features of Alzheimer’s Disease Transgenic Mouse Models

To dissect the molecular mechanisms hidden the AD pathogenesis
and mechanisms of cognitive decline, several transgenic mouse
(Tg) models have been generated. Specifically, the genetic approach
was based on single or multiple mutations induced in the genes
presenilin-1 (PSEN-1), presenilin-2 (PSEN-2), and APP which
have been discovered in familial AD (FAD). Furthermore, because
NTFs are also involved in AD pathogenesis, some researchers
investigate on AD Tg models obtained by specific tau mutations.

These animal models are also used for dissecting the effects of
general anesthetics, and particularly of the inhaled anesthetics, on
behavioral changes and AD pathogenesis, as largely described
through the studies of Tang et al. [19].

Basically, Tg mouse models have been developed by inducing
mutations in PSEN1 and APP genes, in single or in combinations.
For example, Struchler-Pierrat et al. [52] generated the APP23
mouse model by using the Thy-1 promoter which induced a muta-
tion in the human APP gene. This model recapitulates the AD
human condition, since the amyloid plaques, founded at 6 months
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AD Neuropathoponesis
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Fig. 1 Alzheimer's pathogenesis. The cartoon recapitulates the steps involved in Alzheimer’s disease
pathogenesis according to the hypothesis of an interplay between Ap metabolism and tau pathology. Ap is
produced in the extracellular space by proteolysis of APP catalyzed by secretases. After this process, Ap is
removed by the extracellular space and transferred into the blood and cerebrospinal fluid barrier, where is
progressively degraded into metabolites with lower neurotoxicity by specific enzymes. All these enzymes are
able to regulate the AP catabolism and finally influenced the brain levels of Ap plaques, whose alteration
contribute to AD development and progression. Conjunctly, tau proteins are phosphorylated by kinases while
the phosphates catalyze their dephosphorylation in the brain [50]. Importantly, a correct balance in the
activities of these enzymes is crucial for the maintenance of tau phosphorylation homeostasis. In absence of
this balance, the NFTs will be formed leading to the neuronal cell death and cognitive defects, as Ap plaques,
finally leading to onset of AD. APP amyloid precursor protein, NTFs neurofibrillary tangles, A540 and A542
extracellular amyloid beta plaques

of age, are restricted in the cerebral vasculature, as attended in AD
patients. Similar findings were founded in a classical AD Tg mouse
model, the Tg2576 model, in which the APP gene is overexpressed
due to a Swedish mutation (APPswe) [53]. Interestingly, combined
APP and PSEN mutations have been used to generate AD Tg
mouse model, to accelerate the formation of plaques (approxima-
tively around 7 months) [25] and cognitive decline.

Regarding models of tau pathology, which are featured by the
debut of NFTs, interesting results were obtained with the triple Tg
AD mouse model (3xTgAD), obtained by insertion of three
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human mutations: in the genes PSEN1, APPswe, and Tau P301L.
Plaques aroused between 10 and 12 months and NFTs appeared in
the hippocampal region from 12 to 15 months, with a severe
cognitive decline starting from the 24 months. Despite these mod-
els do not perfectly resemble the morphological features of AD
(in human), they are considered useful tools to inquire the effects
of the anesthetics on patients suffering from AD, or at high risk to
develop the disease.

4 The Effects of Anesthetics on Alzheimer’s Disease Transgenic Mouse Models

4.1 The Effects

of Inhaled Anesthetics
on AD Progression:
Shreds of Evidence
from In Vivo Studies

Several experiments on AD Tg mouse models, generated by single
or multiple mutations as previously described, have been conducted
in order to elucidate the effects of anesthetics exposure on AD
progression [ 14, 16, 54-73]. Findings emerged from these studies
indicate that anesthetics may or may not promote the progression

of AD, depending on the different experimental conditions
(Table 1).

The first important study on the topic was conducted, in 2008, by
Bianchi et al. [54]. They investigated on the Tg2576 mouse,
generated by inserting a double mutation into the human APP
gene (APPswe). The authors based their study on the results
obtained by Eckenhoff et al. [74] who demonstrated, in vivo, that
the inhaled anesthetics increased the aggregation of Ap [74]. Bian-
chi et al. [54] showed that exposure to halothane (0.8-1% in 30%
oxygen for 5 days) but not isoflurane (0.9-1% in 30% oxygen for
5 days) increased amyloidopathy, by enhancing the deposition of
plaques in AD-Tg2576 mice at 12 months of age. These results
were deducted by quantifying immunohistochemically the AP
plaque burden and the caspase-3 mediated apoptosis. On the con-
trary, no enhancement in cognitive decline, verified by the Morris
Water Maze (MWM) test, was detected in these halothane-exposed
AD-Tg2576 mice, while isoflurane exposure caused impairment in
cognitive functions in wild-type mice, by acting probably on a
different molecular pathway underlying AD neuropathogenesis.
Taken together, these discoveries suggest that in that experimental
setting the inhaled anesthetics influenced cognition and amyloido-
genesis with different effects.

In order to elucidate these discrepancies, Perucho et al. [55]
examined the effects of isoflurane (2% in 98% oxygen for 3 months),
in Tg2576 and in wild-type mice at a presymptomatic stage
(7-month-old). Data emerged from this study revealed that
Tg2576 mice treated with isoflurane, differently from wild-type
mice, manifested an increment in Ap aggregates and in apoptosis
especially in the hippocampal region. On the other hand, reduced
autophagy and astroglial responses were detected in Tg2576
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treated mice. The results suggested that isoflurane was able to
increase the amyloid disease only in AD Tg mouse models, but
not on the control group. Moreover, a decrease in exploratory
behavior was detected in Tg2576 isoflurane-treated mice.

A fascinating study was conducted by Tang et al. [56] on
another Tg mouse model of AD (3xTgAD) in which APP
(APPSwe), Presenilin-1 (PS-1M146V), and tauP301L were over-
expressed. The authors studied the effects of the exposure to two
different anesthetics, halothane (0.9-1.1% corresponding to 1.0
minimal alveolar concentration, MAC), and isoflurane (0.9-1.1%
corresponding to 1.0 MAC), during the presymptomatic periods of
AD (2, 4 and 6 months old). The behavior of mice was quantified
by MWM test, while immunohistochemistry and biochemistry,
were used to assess the accumulation and processing of A, the
processing of tau protein, the expression of synaptophysin, and
inflammatory markers. Younger female mice treated with halothane
showed an improvement in memory, which was not detected in
isoflurane-treated mice. Importantly, the phospho-tau protein’s
levels in the hippocampus significantly increased in both groups
of treatment particularly in mice with 6 months of exposure,
although modifications amyloid, caspase, microglia or synaptophy-
sin were not detected.

A different study was conducted by Perucho et al. [57] in
APPswe mutant mice. Wild-type and APPswe mice were cotreated
with trehalose (1% in fresh drinking water), a disaccharide which
improves autophagy, and isoflurane (1% in 30% oxygen), at
11 months of age. Isoflurane induced an increment in apoptosis
in the hippocampus and in the cerebral cortex. In addition, it
provoked an enhancement in astrogliosis detected by immunohis-
tochemistry and biochemistry assays. On the other side, these
devastating effects were counteracted by the cotreatment with
trehalose. Specifically, trehalose while increased the expression
levels of chaperones was able to reduce p tau plaques levels, amyloid
peptide aggregates, and phospho-tau levels. With these findings, it
is presumably to assume that trehalose may be advised as a preven-
tive strategy against pro-amyloidogenic effects induced (experi-
mentally) by inhaled anesthetics.

Later on, Menuet et al. [58] demonstrated that isoflurane
anesthesia accelerated the tauopathy and induced functional altera-
tions in presymptomatic Tau.P301L mice, containing a mutation in
the tau gene. Interestingly, these morphological findings were pre-
vented by hyperventilation, or memantine, an antagonist of N-
methyl-D-aspartate (NMDA). From these data, it can be deducted
that NMDA-receptors are involved in the mechanisms underlying
the isoflurane-induced changes, whereas their antagonists could be
used for developing new safer protocols to adopt in AD patients
suffering from tauopathy.
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Interesting findings were reported by Su et al. [59]. The
authors conducted research on APP/PS1 Tg-mice and wild-type
subjected to isoflurane exposure (1% in 30% oxygen) during
mid-life, which represents the presymptomatic phase of Ap deposi-
tion. Surprisingly, isoflurane was able to enhance spatial memory
and the learning (tested by using the MWM test) of both aged Tg
and wild-type mice, used as control.

Moreover, reduced formations of the plaques and oligomers
(detected by immunohistochemistry and Elisa test) in the hippo-
campal regions were detected in both group of treatments; how-
ever, the underlying mechanisms were not fully dissected. Finally,
mice exposed to isoflurane maintained blood pressure and stable
heart rates (detected respectively by blood gas analysis and hemo-
dynamic recording) after and an initial decrement induced by iso-
flurane itself, thus avoiding the hypoxia. Thus, hemodynamics and
behavioral changes were not correlated.

Several findings were described by Eckel et al. [60] in their
evaluation on the effects of isoflurane-induced anesthesia con-
ducted on behavioral performance and cognitive function in
young and old AD Tg-mice, (APP23 mice). Accordingly, isoflurane
(1 MAC, for 2 h) enhanced the cognitive performance, behavior
flexibility and cognitive functions (assessed by modified hole-board
test) in all experimental groups except for wild-type mice. These
results indicate that in this animal model isoflurane exhibits a
defensive effect on cognitive functions in AD.

In a subsequent investigation on AD Tg-mice (APP695) were
evaluated the effects of isoflurane exposure (1.5 vol% in 100%
oxygen for 4 h) on the hippocampal tau protein phosphorylation
(determined by quantitative Western blotting), and on learning and
memory behaviors (tested by MWM test) [61]. Importantly,
isoflurane-induced dysfunctions at cognitive levels by improving
the phosphorylation of hippocampal tau protein in a specific site
(Ser262).

In a subsequent investigation, the effects of the isoflurane
exposure on neuropathogenesis (determined by immunohisto-
chemistry and western blotting analysis) and learning and memory
function (detected by using the MWM test) were dissected in
10-month-old zinc-adequate, zinc-deficient, and zinc-treated
APP/PS1 mice [62]. The principle is that because zinc (Zn) is
involved in learning and memory processes, its absence, or reduc-
tion, may worsen AD pathology. Data emerged from this study,
demonstrated that exposure of isoflurane in 10-month-old
APP/PS1 mice with Zinc adequacy for 2 h induced transient
neurotoxicity. On the other side, Zn deficiency reduced memory
function and learning in 10-month-old APP/PS1 mice. Thus, in
Zn-deficient APP/PS1 mice, exposure of isoflurane provoked
severe neurotoxicity and dramatic memory and learning
impairment. These outcomes suggested that Zn treatment may
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enhance memory function and learning of APP/PS1 mice by pre-
venting the isoflurane-induced neurotoxicity. So AD patients hav-
ing an exacerbated Zn deficiency should be more susceptible to
isoflurane, and in the case of treatment with this volatile anesthetic,
could worsen their pathological condition.

Different findings were reported by Lu et al. [63] who exam-
ined the effects of sevoflurane in newborn Tg mice with mutations
in the APP and PSEN-1 genes. Sevoflurane activated the caspase
and the apoptosis, impaired APP processing and enhanced brain Af
levels in AD Tg mice more than in controls. Finally, inositol 1, 4,
5-trisphosphate receptor antagonist, 2-APB was able to mitigate
the devastating effect induced by sevoflurane. Since sevoflurane is
used mainly in pediatric patients, these outcomes suggest the need-
ing of further studies, including clinical trials on humans, to dissect
the potential neurotoxicity of sevoflurane, particularly in
childhood.

Difterent findings were obtained from the studies conducted on the
effects of propofol, an intravenous anesthetic with neuroprotective
features [65-70], in AD Tg-mouse models (Table 2). Zhang et al.
[71] tested the effects of propofol on the activation of caspase-3
induced by isoflurane in human neuroglioma cells, H4 wild type
cells and stably transfected by APP, and in the cerebral tissue of
APP/PSEN Tg-mice. Results from the in vitro studies showed that
propofol reduced the activation of caspase-3 (determined by West-
ern Blotting analysis) previously induced by isoflurane in H4-APP
cells (treated with propofol 100 nM, with or without 2% isoflurane
for 6 h) but not in H4 wild-type cells (propofol-treated as H4-APP
cells). Moreover, propofol reduced the oligomerization of Ap42,
but not of AP40 induced by isoflurane in H4-APP cells. The
authors also conducted an in vivo experiment (APP/PSEN
Tg-mice) and obtained the same results. Basically, to attenuate
the caspase-3 activation induced by isoflurane (1.4% isoflurane in
100% oxygen for 6 h), they treated the Tg and wild-type mice
(6 days old) with propofol [200 mg/kg, intraperitoneal injection
(i.p.)]. Results showed that propofol diminished the caspase-3
activation (determined by Western blots analysis) induced by
isoflurane.

Later on, other studies were conducted on the effect of propo-
fol on AD progression in 18 weeks old AD Tg-mice with mutations
in APPswe and PSN1 genes. Shao et al. [16] demonstrated that
chronic treatment with propofol (50 mg/kg/week, i.p. for 8 or
12 weeks) enhanced cognitive function (revealed by MWM test) by
reducing the Af-induced mitochondria dysfunction (detected by
Flow cytometric analysis) and caspase activation (detected by west-
ern blotting analyses). Similar results were obtained in human
neuroglioma cells, H4, and mouse neuroblastoma cells, N2.
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A different experimentation was reported by Quiroga et al.
[14] in Tg2576 AD mouse model subjected to repetitive exposure
to isoflurane (1%), propofol (26 mg/kg bolus followed by 2 mg/
kg/min infusion), diazepam (4 mg/kg), ketamine (80 mg/kg),
pentobarbital (males 50 mg/kg and females 40 mg/kg); fentanyl
(0.165 mg/kg). No behavioral differences were detected between
Tg and wild-type mice, although a reduced deposition of Af
(revealed by immunohistochemistry) in the frontal cortex and in
the hippocampus was observed in exposed Tg-mice. Overall, the
repetitive exposure did not provoke significant damage in
Tg7526 mice.

Two recent studies highlighted the positive effects of propofol
on neuropathology and cognition in AD Tg-mouse models. Spe-
cifically, Mardini et al. [72] proved that propofol anesthesia, asso-
ciated or not with surgical procedures (caecal ligation and excision),
was associated with better cognitive effects (detected by behavioral
tests) in the aged brain of 11-month-old 3xTgAD mice. Interest-
ingly, neuroinflammation (tested by biochemical tests) and tau
aggregation and plaque formation (detected by immunohisto-
chemistry) were unaltered in Tg propofol-treated mice with or
without surgery. These findings strongly indicated that in preclini-
cal settings anesthesia with propofol may improve cognitive out-
comes in the aged AD brain compared with inhaled anesthetics.

Finally, Woodhouse et al. [73] studied the effects of repeated
propofol exposure on synapses and plaque deposition in the
APP/PS1 Tg-AD-mouse model. No increment in plaque deposi-
tion, or loss of synapse (determined by immunohistochemistry and
western blotting analysis), was detected in APP/PS1 propofol-
exposed mice compared to controls.

Overall, these results strongly suggest that differently from the
inhaled anesthetic, propofol may attenuate AD progression.

5 Future Perspectives

In this chapter, we summarize the effects of anesthetics on AD
progression. To try to recapitulate AD, different Tg mouse models
have been engineered, with single or multiple mutations in genes
involved in cognitive dysfunction, A accumulation, and NFT for-
mation. Despite the fact that these models did not precisely repro-
duce the human neurodegenerative disorder, they allowed the
scientists to clarify the effects of anesthetics on the onset or the
progression of AD. Depending on specific experimental conditions
applied to different Tg mouse models, these studies underlined a
promoting role for inhaled anesthetics on the acceleration of AD
neuropathology. On the contrary, a mitigating role for intravenous
anesthetics, as propofol, was found. These controversial results
strongly suggest the need of future studies taking into account
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not only the cognitive and neuropathological differences in the
models to be tested but also different types of anesthetics to be
used. As the difficulty of carrying out translational studies is evi-
dent, preclinical research on this topic is of considerable impor-
tance. Particularly, these studies should address (1) new animal
models designed on the basis of recent findings concerning AD
pathogenesis and (2) methods to dissect the molecular mechanisms
hidden in the effects of the use of these drugs on cognitive
impairment and AD progression.
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The Biochemical Basis of Delirium

Matthew Umholtz and Nader D. Nader

Abstract

Delirium is an important clinical diagnosis that is common in the post-operative period and in critically ill
patients. It is associated with an increase in morbidity, mortality and resource utilization. Though the
pathogenesis of delirium has been increasingly recognized for its importance and has been an intensively
studied in recent years, the biochemical mechanism for its development is still debated. This review
scrutinized a number of studies in order to better characterize the biochemical basis for delirium, with
particular focus paid to the interactions of the cholinergic system, the cholinergic anti-inflammatory
pathway, the immune system and neuroinflammation. Despite the clinical impact of delirium, evidence-
based protocols for the prevention and treatment are still lacking. Several previous trials have attempted to
prevent or treat delirium by modulation of the cholinergic system with acetylcholinesterase inhibitors, the
results of which have been largely ambiguous at best. As the biochemical basis of delirium becomes more
clearly defined, future research into therapeutics based on immune modulation and treatment of neuroin-
flammation may prove to be very promising.

Key words Postoperative delirium, Postoperative cognitive dysfunction, Neuroinflammation, Cho-
linergic system, Anesthetic complications

1 Introduction

Delirium is a common acute neuropsychiatric disorder character-
ized by impairments in attention, consciousness, cognition, and
behavioral disturbances. Delirium in hospitalized patients is usually
the result of some precipitating stressful stimulus such as trauma,
major surgery, or severe illness. This dysfunctional response to a
stressful event then results in acute failure of the central nervous
system (CNS). For more details on clinical features of postoperative
delirium (POD) and postoperative cognitive dysfunction (POCD)
see the other chapter on the topic in this book.

The precise mechanism by which this dysfunction occurs
remains elusive. Meanwhile, the dominant theories by which delir-
ium occurs relate to deficiency or dysfunction of neurotransmitter
systems (e.g., involving the cholinergic system), an aberrant stress
response, and neuroinflammation [1, 2].
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2 Neurotransmitter Systems Impairment

One of the leading hypotheses for the biochemical mechanism of
delirium is deficiency or dysfunction of the cholinergic system
[3]. Cholinergic inputs in the basal forebrain have a critical role in
many higher functions including memory, attention, arousal, and
sensory processing [4]. The cholinergic deficiency hypothesis was
originally derived from observations that anticholinergic substances
could induce delirium in some patients. Risk of delirium and its
severity are correlated with increased exposure to medications that
have known anticholinergic activity [ 5, 6]. Additionally, cholinergic
neurons located in basal section of forebrain degenerate extensively
in Alzheimer’s disease (AD), which shares many similarities with
delirium and these patients are known to be at increased risk of
developing acute delirium [7-9].

Impaired synthesis may play a leading role in acetylcholine
deficiency. Acetylcholine (ACH) is derived from acetyl coenzyme
A and choline with choline acetyltransferase acting as the key
enzyme in its synthesis. Its breakdown is mediated by ACH esterase
into the inactive metabolites choline and acetate. Precursor sub-
strate deficiency is a potential cause of impaired ACH synthesis
[10]. Acetyl CoA is produced by the breakdown of carbohydrates
during glycolysis. Acetyl CoA then enters the citric acid cycle where
its oxidation results in energy production. Thus, hypoglycemia or
severe malnutrition may result in cholinergic deficiency by way of
decreased production of acetyl Co-A. In one experimental study,
severe hypoglycemia induced by high dose insulin, decreased the
synthesis of ACH in rat brain (as measured by the incorporation of
[2h4] choline in to ACH) [10, 11]. Interestingly, pretreatment
with a cholinesterase inhibitor, physostigmine, prior to induced
hypoglycemia decreased the number of rat deaths at 3 h [11].

ACH acts at both nicotinic receptors (nACR) and muscarinic
receptors (MACR or M receptors) in the CNS. Of these two
receptors, muscarinic receptors are more widely distributed and
probably play a more important role in the development of delirium
and cognitive dysfunction [4, 12]. The most widely expressed
subtype in the CNS is the M1 receptor and is involved in perception
attention and cognitive functioning. Toxins and drugs with anti-
cholinergic effect primarily act by blocking the postsynaptic M1
muscarinic receptors and produce symptoms such as hallucinations,
confusion and other cognitive deficits. Some drugs have anticho-
linergic activity by blocking presynaptic release of ACH. Cannabi-
noids inhibit the presynaptic release of multiple neurotransmitters,
including ACH through the binding of specific cannabinoid recep-
tors [13]. Opiates also act presynaptically through opiate receptors
to inhibit acetylcholine release [ 14 ]. Both opiates and cannabinoids
act through G-protein coupled receptors to inhibit calcium channel
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opening. The blocking of calcium channels prevents nerve depolar-
ization, which affects neurotransmitter release (ACH).

Inhibition of ACH function at nACRs in the CNS may play a
role in the development of delirium and cognitive dysfunction.
nACRs in the brain have been implicated in several important
functions such as memory, learning, arousal and reward. Some
anesthetic drugs such as isoflurane, propofol and nitrous oxide
(N,O) inhibit nACRs [15, 16]. Though primarily thought to
produce their effects by inhibition of GABA receptors, blockade
of nACRs may contribute to their hypnotic and amnestic properties
[17]. However, it is also quite plausible that this blockade may in
part explain the occasional undesirable side effect emergence
delirium.

Thiamine deficiency is known to cause Wernicke encephalopa-
thy, which is characterized by opthalmoplegia, ataxia, and confu-
sion. These deficits are thought to be the result of ACH deficiency
due to altered acetyl Co-A metabolism in the CNS resulting in
cholinergic deficits [18]. In support of the hypothesis that cholin-
ergic deficiency plays a key role in the development in the deficits
seen in thiamine deficiency, acetylcholinesterase inhibitors are able
to reduce symptoms and mortality in experiment animals with
induced thiamine deficiency [19]. Thiamine plays a key role as a
component of several enzymes involved in carbohydrate metabo-
lism. Particularly important are alpha ketaglutarate dehydrogenase,
which is the rate limiting step of the citric acid cycle and pyruvate
dehydrogenase. The decrease of these two key enzymes is the main
cause of energy and acetyl Co-A depletion in thiamine deficiency
[20,21].

The destruction and loss of cholinergic neurons in the basal
forebrain of patients with advanced AD has been well documented.
AD shares many similarities with other causes of delirium and
cognitive dysfunction [22]. These patients also demonstrate an
increased risk of acute worsening of delirium and cognitive dys-
function at times of stress such as acute illness or major surgery
[23]. Analysis of cholinergic markers from the brains of patients
with Alzheimer’s shows decreased choline acyltransterase activity,
decreased high affinity choline uptake activity and deceased ACH
activity. In these sites of decreased cholinergic activity there is also
decreased activity of pyruvate dehydrogenase and alpha ketogluta-
rate dehydrogenase. The decreased enzymatic function may prove
to be particularly deleterious to cholinergic neurons as they result in
decreased acetyl CoA and choline, which are important not just for
energy production and synthesis of ACH but also for the produc-
tion of structural lipids. Additionally, these patients also exhibit
decreased glucose uptake and oxidative metabolism, most likely
due to reduction of glucose transport in the brains of patients

with AD [22].
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Hypoxia is a potentially important cause of impaired ACH
deficiency [24]. ACH synthesis is dependent on aerobic metabo-
lism and the citric acid cycle for the production of acetyl CoA and
thus is particularly susceptible to disturbances in cerebral metabo-
lism. Histotoxic hypoxia induced in rat brain by cyanide toxin can
reduce the incorporation of [2H4] choline into ACH [24]. Like-
wise, anemic hypoxia induced by infusion of sodium nitrite
(NaNO,) (to produce methemoglobinemia) impairs ACH synthe-
sis along the same pathway. Interestingly, this impaired synthesis
occurs even with normal ATP/ADP values, suggesting that even
mild cyanide toxicity and low levels of methemoglobinemia can
significantly affect ACH levels [11].

Mild hypoxia impairs ACH synthesis in rat brain, as in one
study evaluating the synthesis of ACH, control rats breathing 30%
oxygen (PaO, = 120 mmHg) were compared to rats breathing
moderate hypoxic mixture of 15% oxygen (PaO, = 57 mmHg) and
severe hypoxic mixture at oxygen concentrations of 10%
(PaO, = 42 mmHg). Synthesis of ACH was measure by analysis
of U-14C glucose. The synthesis of ACH was decreased by 35% in
rats breathing 15% oxygen and by 54% in rats breathing 10%
oxygen, respectively. Similarly, ACH synthesis as measured with
[1-2H2, 2-2H2] choline, was decreased by 50% with 15% Oxygen,
and by 68% with 10% oxygen, respectively. The rats breathing
hypoxic mixtures had increased brain lactates and increased cortical
blood flow compared to rats breathing 30% oxygen [24]. These
results suggest that even milder forms of hypoxia may impair ACH
synthesis and possibly contribute to delirium and cognitive dys-
function. These findings may help to explain the delirium that
accompanies patients who have suffered from cerebral vascular
accidents, as well as, their increased sensitivity to the psychogenic
effects of anticholinergic drugs.

Interestingly, in the same study, rats breathing 70% N,O
decreased ACH synthesis by 45% and 53% (as measured by
[U-14C] glucose and [1-2H2, 2-2H2] choline, respectively
[24]). In other studies, N,O has been shown to be neurotoxic to
rat brains in high concentration in an age-dependent manner.
However, these affects have not been shown in human studies
[25]. In a study of elderly patients undergoing noncardiac surgery,
the use of N,O did not increase the risk of POD/POCD when
compared to patients who did not receive N,O [26]. To date, there
is no link between N,O use during anesthesia and increased inci-
dence of POD or POCD. The reason for these deleterious effects in
rats and the apparent discrepancy in human studies is not entirely
clear.

The cholinergic system has important interactions with other
neurotransmitter systems, dysfunction of which also have been
associated with delirium. In particular, dopamine excess has been
associated ~ with  hyperactive  delirium  and  psychosis
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[3, 27]. Dopamine acts via D1 receptors in the hippocampus and
prefrontal cortex which plays an important role in short term
memory and executive functions [28]. Dopamine excess has been
linked with a concomitant decrease in acetylcholine. This inverse
relationship may be one of the key mechanisms in the pathogenesis
of delirium. Hypoxia is a well-documented cause of acute delirium.
Hypoxia causes a dopamine surge in the CNS that then results in a
decrease of acetylcholine release from neurons, resulting in delir-
ium [29]. This relationship between dopamine levels and ACH is
further evidenced by the efficacy of neuroleptics (particularly Halo-
peridol) that act as dopamine antagonists in the treatment of acute
delirium. Furthermore, dompaminergic medications (such as Levo-
dopa) and drugs that influence the intrasynaptic levels of dopamine
(cocaine, amphetamine) have been associated with delirium in a
dose dependent manner [30, 31].

Serotonin (5-HT) is another important neurotransmitter that
affects acetylcholine levels; however, the mechanism by which this
occurs appears to be quite complex. 5-HT has the potential to
increase or decrease acetylcholine levels, and these effects are likely
mediated by serotonin receptor subtype and also the location in the
brain in which the receptor is stimulated. For example, stimulation
of rat hippocampal 5-HT release with fenfluramine further stimu-
lates the release of ACH by way of HT'3 receptors. This exaggerated
acetylcholine release can be inhibited by 5-HT3 receptor blockers
[32]. Likewise, stimulation of ACH release from rat hippocampus
by way of direct serotonin infusion can be blocked by 5-HTI1A
receptor antagonists, suggesting that 5-HT actions at 5-HT1A
receptors may play an important role in ACH levels [33]. In the
frontal cortex of rat brain, ACH release can be stimulated by
binding of 5-HT4 receptor agonists [34]. Conversely, there is
evidence that 5-HT blocks the release of ACH in rat striatum
[35, 36]. The production of 5-HT is dependent on the precursor
tryptophan (TRP). It is hypothesized that decreased TRP levels can
decrease 5-HT which ultimately leads to delirium. One recent
study found that low levels of preoperative TRP levels were asso-
ciated with an increased incidence of postoperative delirium in high
risk individuals [37]. However, another recent study found no
correlation between plasma 5-HT levels and incidence of delirium
in critically ill patients [38]. The effect of 5-HT on ACH in the
CNS and the role it may play in delirium risk certainly deserves
further investigation.

Please add details on other systems involved as it is well known
that dopamine excess, gamma-amino-butyric acid (GABA) and
serotonin alterations may contribute to the genesis of delirium.
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3 The Inflammatory Response

The inflammatory response that accompanies acute illness or major
surgery is thought to be one of the main factors for the cause of
POD, POCD, as well as, delirium that often accompanies trauma or
serious illness [39, 40]. The mechanism by which inflammation
contributes to delirium is likely multifactorial. Tissue concentra-
tions of TNF in the hippocampus are one of the hallmarks of
depressive mood [41]. The activation of the inflammatory cascade
is associated with release of proinflammatory cytokines into the
blood stream as well as recruitment of immune cells [42—44]. A
healthy immune response is crucial for proper wound healing,
repair of tissue damage as well as to combat infection without
detriment to the host’s own cells and tissues. The inflammatory
response can be deleterious, resulting in severe damage or death
unless kept in check by counter-regulatory mechanisms [45]. Thus,
counterregulatory anti-inflammatory mechanisms must be simulta-
neously activated during the inflammatory response to counterbal-
ance its potentially harmful actions. The main components of this
anti-inflammatory response are the release of anti-inflammatory
cytokines (i.e., IL-10), stress hormones and interestingly, a neu-
roinhibitory response [43, 46]. The afferent neural circuit of the
nervous system response are peripheral nerves which sense and
transmit signals to the CNS regarding infection or injury. These
signals then trigger an efferent pathway from the CNS via the vagus
nerve through the release of acetylcholine [47]. This release of
ACH attenuates the production of TNF, II-6, and Il-1p by immune
cells expressing the nACH subunit alpha-7 [40, 42, 48, 49]. Direct
clectrical stimulation of the vagus nerve significantly inhibits the
production of cytokines by innate immune cells in organs inner-
vated by the vagus nerve (spleen, liver, GI tract, and heart)
[50]. This vagal nerve stimulation significantly downregulates the
production of TNEF, IL-1, IL-6, and IL-8 but does not alter the
production of the anti-inflammatory cytokine IL-10. The attenua-
tion of these proinflammatory cytokines maintains the proinflam-
matory response within an adequate range [42]. This mediation of
the immune response protects the organism from organ damage
and death during syndromes of excessive cytokine release such as
trauma, sepsis, endotoxemia, and hemorrhagic shock. This neu-
roinhibitory response likely represents an evolutionary ancient
adaptation, dating back to invertebrate nematode worms which
possess a primitive nervous and immune system [51].

The discovery of this neural pathway has raised the hypothesis
that the progression of some autoimmune diseases may be related
to the loss of neuroinhibitory activity [52]. In one study of non-
obese diabetic mouse model, neurons surrounding the insulin
producing beta cells are destroyed prior to the beta cells themselves.
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This has raised the hypothesis that the loss of a neuroinhibitory
pathway leads to later immune related destruction of beta cells
[53]. Another related study showed that in mice subjected to
collagen-induced arthritis, there is destruction of neurons in the
spleen prior to the onset of clinical symptoms of the disease. Fur-
ther studies have then showed evidence that stimulating the cho-
linergic anti-inflammatory pathway in these mice then reversed the
arthritis [54, 55]. These results suggest that this neural circuit may
prove to be crucial in preventing excessive immune mediated dam-
age by inhibiting cytokine release as the result of autoimmunity,
shock, trauma and severe illness.

A deregulated neuroimmune response combined with a dys-
functional cholinergic system may prove to be a plausible cause
behind delirium physiology. Patients suffering from postoperative
delirium have lower levels of cholinesterase activity even before
surgery [40]. Additionally, low levels of cholinesterase activity are
associated with elevated proinflammatory cytokines during acute
illness [56, 57]. This suggests that low levels of cholinesterase
activity represent a dysfunctional or degenerative cholinergic sys-
tem which then may predispose or contribute to a high risk of
delirium either postoperatively or during acute illness [40]. The
decrease of cholinesterase activity is particularly intriguing, as these
findings have also been well documented on necropsy of deceased
patients suffering from AD. Though these results do not provide a
conclusion how acetylcholinesterase levels correlate with peripheral
levels of ACH or the responsiveness of the vagal nerve to inflam-
mation, these results do suggest that baseline acetylcholinesterase
levels can be a candidate biomarker of an elevated inflammatory
response postoperatively and a risk factor for POD /POCD [58].

As mentioned previously, the stress of surgery, trauma or acute
illness triggers an inflammatory response by the immune system
characterized by the release of both proinflammatory and anti-
inflammatory cytokines. However, in patients suffering from
POD, levels of C-reactive protein are found to be significantly
higher versus patients who are not exhibiting delirium
[59, 60]. Additionally, these patients also show a gross imbalance
of proinflammatory (IL-6, IL-8, IL-1pa, TNF-a) to anti-
inflammatory cytokines (IL-10). This imbalance towards a greater
proinflammatory ratio of cytokines likely is a key mechanism behind
the delirium seen postoperatively or during acute stress [39].

Though it seems plausible that dysfunction of the cholinergic
system has a critical role in a further dysfunctional inflammatory
response to an acute stress, the mechanism by which this inflamma-
tory response leads delirium and cognitive dystunction needs to be
explored. As mentioned previously, in patients suffering from delir-
ium, an aberrant stress response leads to an excessive proinflamma-
tory state. In the CNS, microglia activation results in the excessive
release of proinflammatory cytokines [58, 61]. The result of this
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excessive inflammatory response is neuroinflammation within the
central nervous system. In particular, the hippocampus may be
particularly susceptible to neuroinflaimmatory insults as it is
known to be critically important to cognition and highly vulnerable
to aging [41, 62]. Additionally, as AD shares some similarities with
delirium, it is worth noting that in patients with severe AD, degen-
eration of the cortex is a common feature with the hippocampus
appearing to be particularly vulnerable to the devastating effects of
the disease [63, 64].

One key mechanism behind hippocampal memory dysfunction
in delirium relates to the effects of the proinflammatory cytokine
IL-1p [65]. One interesting study evaluating fear conditioning in
rats, administration of agents that induce IL-1 affected the mem-
ory consolidation of memories that depend on hippocampus func-
tion but had no effect of hippocampal independent memory
pathways (auditory cue fear conditioning) [48]. Furthermore, the
memory processing dysfunction associated with IL-1p is prevented
by blocking the actions of this cytokine. Elderly patients with hip
fracture are among the highest risk group for POD/POCD. A
recent study of elderly patients with acute hip fracture presenting
for surgery, patients that develop POD have been found to have
elevated IL-1f in their cerebral spinal fluid when compared to
patients who did not go on to develop delirium [66]. In another
recent study using a mouse model of orthopedic surgery, mice that
underwent surgery of the tibia under general anesthesia, memory
impairment was associated with increased plasma cytokines,
increased hippocampal microgliosis, as well as increased expression
of IL-1p in the hippocampus [67].

TNEF is one of the key triggers for the inflammatory cascade by
acting upstream of IL-1f and other proinflammatory cytokines. In
analysis of cytokine levels after major surgery in a mouse model,
TNFa was one of the first proinflammatory cytokines that can be
detected in plasma (detected at approximately 30 min postopera-
tively). In contrast, IL-1p was not detected until approximately 6 h
after surgery [68]. Preoperative administration of anti-TNF effec-
tively reduced IL-1p at 6 and 24 h after surgery. However, if anti-
TNF administration was delayed until 1-h postoperatively, its
administration had no effect on levels of proinflammatory cyto-
kines. To relate the inflammatory process to cognitive changes in a
rat model, contextual fear response was analyzed (noxious foot
shock stimulation) postoperatively. Fear response was significantly
decreased postoperatively representing a form of cognitive dysfunc-
tion and hippocampal dependent memory impairment. Preopera-
tive treatment with anti-TNF significantly ameliorated this
cognitive impairment [68].

Preoperative administration of anti-TNF effectively reduced
brain microgliosis after an orthopedic surgery in mice [68]. Micro-
glia are the innate immune cells of the CNS. They function as
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macrophages and represent the main form of immune defense in
the CNS. At baseline, they remain in a quiescent, resting state, but
are activated by proinflammatory cytokines, cell necrosis factors,
lipopolysaccharide and several other factors. Upon activation,
microglia transform their cell bodies from small, thin cell bodies
with long branching processes, to a large amoeboid shape capable
of phagocytosis (features described as microgliosis) [69]. This acti-
vation of microglia is accompanied by the production of numerous
potentially toxic mediators, as well as further potentiation and
release of proinflammatory cytokines. Preoperative treatment of
mice with anti-TNF significantly prevents microgliosis postopera-
tively and decreases the systemic cytokine response [68]. Preopera-
tive treatment with anti-TNF also decreased memory impairment
postoperatively (as measured by contextual fear response), and
decreases hippocampal inflammation.

Advanced age is among the major preoperative risk factors for
the development of POD and POCD. There is evidence that
microglia in the geriatric population are shifted more towards the
inflammatory phenotype [58, 70]. This relative shift in phenotype
is termed microglial priming and may reflect an increase in inflam-
mation associated with aging. Also, this priming of the microglia
may be a key mechanism to explain the susceptibility of geriatric
patients to POD or POCD [58].

MicroRNAs (miRNAs) are noncoding RNA strands that are
able to influence gene expression. MiRNAs have mainly a negative
regulatory role and act by influencing gene expression by degrading
mRNAs or inhibiting the translation of target genes [71]. Recent
research has increasingly implicated the deregulation of miRNAs in
a variety of disease processes, including AD and cognitive dysfunc-
tion. There is evidence that upregulation of inflammation by
miRNA-146 is linked to the development and progression of AD
[72]. It is therefore conceivable that miRNA dysregulation may
influence upregulation of inflammation and influence POCD. In
particular, decreased expression of miRNA-572 has been impli-
cated as an early marker in POCD. It is hypothesized that in early
POCD miRNA-572 may be down-regulated in order to upregulate
its downstream target genes. In a rat model of POCD, injection of'a
mi-RNA572 inhibitor into the lateral ventricle improved cognitive
function as it was measured by way of a water maze test [73].

The precise mechanism behind the pathophysiology of delir-
ium and cognitive dysfunction that is associated with major surgery
or severe illness remains incompletely understood. There are likely a
myriad of factors that may ultimately prove to be involved in what is
clearly a complex form of pathology. Since there is currently no
proven modality to effectively prevent or treat delirium and cogni-
tive dysfunction, hopefully future research into the mechanism and
biochemical basis of delirium will lead to possible treatments or
preventative strategies. Deficiency or dysfunction of the cholinergic
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system is likely one key aspect of delirium physiology. Despite the
similarities between delirium and AD, the proven treatments for
AD have not proven to do be reliable to prevent or treat postoper-
ative delirium. There was initially great optimism that acetylcholine
esterase inhibitors, due to their limited efficacy in treating AD, may
have some benefit in treating or preventing POD and POCD. Thus
far, the results have been mixed. While one recent report showed
that rivastigmine patch was able to prevent POD in high-risk
patients presenting for hip fracture surgery, another study showed
no benefit in cardiac surgery for prevention with preoperative oral
rivastigmine [74, 75]. Experimental evidence in animal studies,
however, has showed that administration of acetylcholinesterase
inhibitors suppresses systemic inflammation and enhances survival
of septic animals [76]. However, a recent study of critically ill
patients treated with rivastigmine as an adjunct to haloperidol for
delirium actually had an increased risk of mortality than patients
treated with haloperidol alone [77]. These mixed results demon-
strate the complexity of the cholinergic system and its crucial role
not just in cognition but also in immunity.

4 Further Research Perspectives

Future research into modulation of the immune response to sur-
gery, trauma and critical illness may prove to be beneficial in the
prevention or treatment of delirium and cognitive dysfunction. In
particular, cytokine selective therapy is an intriguing modality that
may prove useful. Anti-TNF has had an acceptable safety profile and
has shown benefit in treating inflammatory disorders such rheuma-
toid arthritis, Crohn’s disease, and ankylosing spondylitis. The
evidence suggests that anti-TNF may be of benefit in preventing
or treating POD /POCD. Furthermore, the relationship between
neuroinflammation and miRNA is an exciting new field of study for
further research to explore. Modulating the neuroinflammatory
response with agonist or antagonist miRNAs is a promising
approach to treating delirium and cognitive dysfunction.

The clinical impact for patients and cost to society due to
delirium and cognitive dysfunction cannot be understated. Delir-
ium and cognitive dysfunction is associated with long-term disabil-
ity and increased mortality. In the geriatric hospitalized population,
the incidence of delirium occurs in 20-60% and contributes to
nearly seven billion dollars in Medicare hospital costs annually
[1, 78]. Further research into the mechanism of delirium and
cognitive dysfunction may lead to modalities to prevent or treat
these disabling disorders.
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Postoperative Delirium and Postoperative Cognitive
Dysfunction
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Abstract

Postoperative delirium (POD) and postoperative cognitive dysfunction (POCD) are post-surgical phenom-
ena associated with an increase in morbidity, mortality, and resource utilization. This review scrutinizes a
number of studies in order to better characterize POD/POCD, with particular focus paid to the condi-
tions’ etiology, associated risk factors, prevention, and management. Despite their clinical importance,
evidence-based protocols for the prevention and treatment of POD and POCD are still lacking. In order to
ensure improved safety and cost-effective management of POD/POCD future research should focus on
screening protocols to identify at risk patients, in addition to formulating a standardized treatment regimen
for patients most at risk.

Key words Postoperative delirium, Postoperative cognitive dysfunction, Anesthesia recovery, Anes-
thetic complications, Perioperative complications, Cognitive impairment

1 Introduction

Postoperative delirium (POD) and cognitive dysfunction (POCD)
have long been recognized as potential complications of anesthesia
and surgery, particularly in the geriatric population. Both are dis-
crete entities that are associated with debilitating morbidity and
mortality. Far from a benign occurrence, POD and POCD are
important predictors of persistent decline and early mortality of
the patients, as well as a significant burden on health care cost,
length of hospital admission, cost per day of hospital stay as well as
an increased incidence of admission to long-term assisted living
after hospital discharge [1].
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2 Postoperative Delirium

Delirium has been well described in the Diagnostic and Statistical
Manual of Mental Disorders fifth edition [2]. Its key characteristic
is an acute change of mental status from the patient’s baseline.
There is usually an acute onset and a fluctuating clinical course.
Patients will typically have exhibit decreased attention, which may
be observed by patients being easily distracted or having difficulty
following a conversation. Patients will frequently display disorga-
nized thinking. Language may be disorganized, incoherent or
illogical. Patients may present behaviors that range from hypoactive
to hyperactive or mixed psychomotor impairments. Frequently
there is memory impairment. Emergence delirium should not be
confused with true postoperative delirium as POD is not relegated
only to the time the patients is emerging from anesthesia. Indeed,
most patients with POD exhibit a lucid period after emergence only
to exhibit POD between postoperative days 1-3 [1].

Several methods have been devised to diagnose patients with
POD. The most commonly used method used in research studies
has been the Confusion Assessment Method (CAM) [3]. There are
also a CAM tool for intensive care unit (CAM-ICU), and a short
CAM which contains only items 1-4 of the original CAM. The
Delirium Rating Scale Revised-98 is a 16-item clinician-rated scale
with 13 severity items and 3 diagnostic items. It appears to be a
comprehensive instrument especially for monitoring patients over a
given period [4]. More detailed is the Delirium Symptom Interview
which is a structured interview with 107 items of which 63 are
interview questions and the remanding ones observations [5]. The
NEECHAM Confusion Scale is a screening scale which can be used
by nurses to rate the patient’s behavior while providing routine care
to patients. The scale takes 10 min to complete. It has high inter-
rater reliability, good validity, and high sensitivity (95%) and
specificity [6].

3 Emergence Delirium

Delirium that occurs as the patient is emerging from a general
anesthetic is termed emergence delirium (ED). ED, also referred
to as emergence agitation, is temporally related to the period of
time in which the patient is emerging from general anesthesia and
typically resolves within the 1 h after recovery from anesthesia
(in contrast to POD which follows an initial lucid period after an
anesthetic and may last several days). Although it is more common
in the pediatric population, all age ranges can potentially exhibit the
condition. There is also an increased incidence in the geriatric
population compared to younger adults. Though there is a range
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of potential psychomotor behaviors seen in emergence delirium,
most often these patients exhibit agitation, confusion, and violent
behavior.

Risk factors for emergence delirium include the age of patient.
Patients under the age of 40 and over the age of 64 are at increased
risk [7]. There are conflicting reports on the effect of anesthetic
drugs on the incidence of ED. Some studies have implicated ben-
zodiazepines in the development of ED while others have shown
benzodiazepines to have a protective effect [8—10]. Ketamine has
been implicated in increasing the risk of ED in some studies
[11]. Inhalation anesthetics may play a role in the development of
ED, with sevoflurane and desflurane being particularly problematic
in comparison to older agents with a higher blood solubility (and
thus a slower emergence from general anesthesia). It is hypothe-
sized that the relatively rapid emergence from general anesthesia
with new generation of volatile anesthetics increases the suscepti-
bility to ED [10-12]. Certain surgical procedures show higher
incidences of ED with breast surgery and abdominal surgery
showing the highest risk. Patients with a history of posttraumatic
stress disorder (PTSD) are known to have an increased risk of
developing ED after a general anesthetic [13]. Typically, as long
as the patient is protected from harming themselves, emergence
delirium usually resolves without sequelae.

4 Postoperative Cognitive Dysfunction

The potential relationship between POD and POCD has been the
subject of not insubstantial controversy over the past several years.
Although POD and POCD are strongly correlated phenomena,
they represent two distinct clinical entities along the continuum
of cognitive impairment after anesthesia and surgery. POCD can
manifest after the occurrence of POD and its incidence seems to
depend on the duration of POD. However, a decline in cognition
abilities temporally associated with surgery could manifest itselfalso
without a clearly identifiable occurrence of POD; thus, POCD can
occur also in patients who did not experience POD. In contrast to
POD, POCD is characterized by long term deterioration in mental
abilities postoperatively. It is more difficult to define and diagnose
because, in contrast to POD, which requires the detection of
symptoms, the diagnosis of POCD requires sophisticated baseline
neuropsychological testing both before and after surgery
[14, 15]. Moreover, no universally accepted diagnostic criteria for
POCD exist and it has been not listed in the latest versions of the
International Classification of Diseases (ICD-11) and the Diagnos-
tic and Statistical Manual of Mental Disorders. The manifestations
for POCD are usually subtle and the spectrum of cognitive abilities
that may be affected are diverse. Most psychometric tests analyzing



242 Matthew Umholtz and Nader D. Nader

cognitive function focus on memory and intellectual tasks that
measure abilities involving learning, verbal fluency, perception,
attention, executive function and abstract thinking. Cases of post-
operative cognitive dysfunction are identified by conducting pre-
operative neurophysiologic tests that test abilities regarding
learning, memory, verbal abilities, perception, attention, executive
function and abstract thinking. Unfortunately, there has not been a
standardized methodology used in clinical practice or during stud-
ies to date to identify POCD and to evaluate its prevalence. Hence,
it is somewhat more difficult to identify the presence and thus the
incidence of POCD. Regardless, POCD seems to be a separate,
though similar entity to POD in which the temporal relationship
with the surgical event is not fully elucidated. Nevertheless, the risk
factors for both appear to be very similar, as well as, the temporal
relationship to occur in the postoperative time period after an initial
transient lucid period.

The incidence of POD ranges from 5% to 15% with certain
high-risk groups such as hip fracture patients ranging as high as an
average of 35% [16]. The incidence of POCD is more difficult to
describe given the definition of POCD used and the variety of tests
that can be used to establish the diagnosis as well as their statistical
evaluation. In some studies, the incidence of POCD has been has
high as 40% in patients over age 60 at hospital discharge, and in
approximately 10% of these patients the POCD persists for at least
3 months postoperatively [15]. Nevertheless, POCD has been
described in young adults, adults as well as in the geriatric popula-
tion. Similar to POD, POCD is more common in the geriatric
population, as well as having a more prolonged course in this
population. POCD is usually transient, but in a small subset of
patients (approximately 1%) it can persist for years. Whether these
persistent cases of POCD reflect permanent POCD remains con-
troversial [17-19].

5 Risk Factors

The cause of delirium is multifactorial. Risk factors include
advanced age, baseline dementia, or previous history of POD,
history of hearing loss or visual impairment, baseline cognitive
dysfunction or dementia. Metabolic and physiologic disturbances
have been implicated as well. Hypoxemia, hypercarbia, and hypo-
glycemia are potentially life-threatening causes of delirium which
should be recognized and treated without delay.

POCD has long been recognized as a potential complication of
cardiac surgery. The cause for increased prevalence in cardiac sur-
gery is likely multifactorial and related to surgical, anesthetic and
patient factors. POCD had previously been thought to be a com-
plication  related  physiologic  disturbance  related  to
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cardiopulmonary bypass (CPB) [20-22]. However, randomized
controlled trials have shown the incidence of POCD to be similar
whether cardiac surgery is performed with cardiopulmonary bypass
or on a beating heart (“off pump”) [23]. Markers of inflammation
are also similar in patients randomized to “on pump” versus “off
pump” cardiac surgery [24]. Additionally, when cardiopulmonary
bypass is utilized, there does not appear to be an advantage in using
pulsatile versus nonpulsatile flow in relation to prevention of
POD/POCD [25]. The stress of open-heart surgery places a sig-
nificant systemic inflammatory burden on the body. This inflamma-
tory response causes the upregulation of macrophages, neutrophils,
cytokines and free radical production. This inflammatory process
can disrupt the blood brain barrier and increase the susceptibility of
the brain to ischemic insults. This acute cerebral inflammatory
process is likely an exacerbation of a chronic inflammatory state
caused by the atherosclerosis process as well as aging. This acute
cerebral inflammatory state likely causes neuron dysfunction and
neuronal loss and is the most likely mechanism to explain the high
incidence of POD /POCD in this population [26].

Hypothermia is frequently used during CPB as it may be an
important modality useful for neuroprotection, however it may
also contribute to POD /POCD seen in cardiac surgery [27]. Hypo-
thermia decreases the cerebral metabolic rate, attenuates the neu-
roinflammatory response to CPB, decreases the production of free
reactive species and excitatory neurotransmitter release (which may
play a role in neuronal death). However, during rapid rewarming
prior to the commencement of CPB may disrupt cerebral autoregu-
latory mechanisms and lead to cerebral edema [28]. The resulting
cerebral edema may cause increased intracranial pressure, impaired
cerebral metabolism and lead to increased risk of POD /POCD.

Metabolic syndrome is characterized as a cluster of conditions
(hypertension, hyperglycemia, hyperlipidemia, excess body fat) that
increase the risk of heart disease and atherosclerosis, is also a proin-
flammatory state that increases the risk of POD/POCD
[29, 30]. This high inflammatory state predisposes geriatric
patients to cognitive decline at baseline, as well as, an increased
risk of POD/POCD [31]. This chronic inflammatory state com-
pounded onto an acute exacerbation of inflammation is the likely
mechanism for the increased incidence of POD/POCD after car-
diac surgery. This acute rise in inflammation contributes to neuro-
nal loss and dysfunction.

Hyperglycemia is an important modifiable risk factor for post-
operative delirium. Hyperglycemia has long been recognized as a
cause of a proinflammatory state, thus implying a possible mecha-
nism for its association with delirium. Intraoperative hyperglycemia
(>200 mg/dL) has been linked with POCD in patients under-
going open heart surgery [32]. Interestingly, tight glucose control
(with intraoperative glucose between 80 and 100 mg/dL) may be
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deleterious for several reasons, one of which is potentially increas-
ing the risk of POD when compared to conventional intraoperative
glucose control [33].

Inadequate oxygenation, whether occurring acutely by periop-
erative hypoxia or secondary to anemia, both seem to be significant
risk factors for the development of delirium. However, chronically
impaired oxygenation may also have a role. Patients with obstructive
sleep apnea are at increased risk of developing POD /POCD though
the mechanism by which this occurs is not currently known
[34]. Obstructive sleep apnea is an impairment of oxygenation
during sleep that is most commonly caused by excessive tissue in
the pharynx that causes obstruction during sleep, hypoxia, and
hypercarbia, which leads to frequent arousals and impaired rest.
This impaired oxygenation may represent an important cause of
delirium in these patients. Consistent with this hypothesis is the
phenomenon of increased risk of POCD after cardiac surgery in
patients with cerebral oxygen desaturation (occurring with normal
systemic oxygen saturation) [35].

In the geriatric patient, acute illness or exacerbation of chronic
illness may precipitate delirium [36, 37]. The risk of POD delirium
in this population is as high as 10%, but can be much higher
depending on the surgical procedure and patient population. The
highest risk surgery is hip surgery with an incidence of approxi-
mately 35%, probably reflecting the frailty and overall decline repre-
sented by hip fracture patients. There have also been reports of
increased incidence related to cardiac, thoracic, vascular, and emer-
gency surgery. In the elderly population even relatively minor sur-
geries such as cataract removal have been associated with POD,
thus reflecting the particular susceptibility of this population.

Hyponatremia and azotemia have all been implicated to be
factors that can cause or exacerbate delirium [36]. Infection, par-
ticularly urinary tract infections and respiratory infections are well-
documented causes of delirium in both surgical and medical
patients. Elevated leukocyte count preoperatively has been found
to be a risk factor for the development of POD postoperatively,
probably reflecting the risk of even occult infection or inflammation
on developing delirium [38].

Advanced age has clearly been shown to be a prominent risk
factor for developing postoperative delirium, as well as, developing
delirium during acute illness. Poor preoperative functional status
along with a higher American Society of Anesthesiologist class have
both been shown to be independent risk factors for the develop-
ment of postoperative delirium [39]. Lower preoperative albumin
and high preoperative bilirubin have been associated with POD
thus raising the possibility that nutritional strategies or improve-
ment of liver function may help prevent or possibly treat POD.

Lifestyle modification may have important implications for
prevention of POD. A history of smoking has been shown to



Delirium and Cognitive Dysfunction 245

increase the risk of POCD. In one study of patients undergoing
abdominal aortic aneurysm surgery, the risk of POD was correlated
with increasing pack/year history [40]. Potential mechanisms for
smoking increasing risk of delirium are microvascular damage and
increased atherosclerosis in cerebral vasculature. Also, nicotine
withdrawal may have similar biochemical similarities with delirium
[41]. Nicotine withdrawal is thought to be a relative acetylcholine
deficiency in the central nervous system. Chronic exposure to
nicotine causes an up regulation and desensitization of acetylcho-
line receptors [42]. During withdrawal from nicotine the unoccu-
pied state of these receptors is believed to be a key mechanism of
withdrawal symptoms. Nicotine withdrawal and POD share some
similar characteristics such as restlessness, irritability, and confu-
sion. Nicotine replacement in the form of transdermal patches
may have therapeutic benefit to prevent POD in patients that are
unable to quit smoking preoperatively.

Alcohol abuse has been identified as another risk factor for
postoperative delirium and postoperative cognitive dysfunction.
Chronic alcohol abuse causes atrophy of the frontal lobes, as well
as, lower metabolism over the frontal cortex [43, 44]. These
chronic changes lead to impaired executive function, impaired
memory and in severe cases a condition indistinguishable from
dementia not related to alcohol abuse. Alcoholics display greater
neurocognitive  impairment preoperatively = compared to
non-alcoholics and display greater levels of neurocognitive impair-
ments in comparison to non-alcoholics [45, 46]. However, absti-
nence from alcohol use for up to 5 weeks has shown no protective
benefit in chronic alcohol abusers suggesting that the neurocogni-
tive impairments likely are chronic, not easily reversible and possibly
permanent [47].

6 Pathophysiology

The etiology of POD and POCD remains unclear. Several mechan-
isms have been postulated. General anesthetics in aged rats have
shown to negatively affect spatial memory for up to 2 weeks after
exposure [48]. In addition, laboratory studies have shown enhance-
ment of beta-amyloid oligomerization after exposure to inhaled
volatile anesthetics [49]. Thus, it is tempting to speculate that the
mechanism of POD and POCD are primarily related to the effect of
the anesthetic on the CNS. Interestingly, regional anesthesia has not
been shown to have a protective effect when given in place of a
general anesthetic for surgery [50, 51]. However, major surgery
does appear to be a significant culprit in the development of POD /-
POCD while ambulatory surgery is less of a risk [52]. This suggests
that a primary cause of POD /POCD may be related to the increased
inflammatory activity associated with major surgery [53]. In
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support of the role that inflammation plays in the development of
delirium, elevated C-reactive protein has been associated with devel-
opment of delirium while low levels of CRP predict the resolution of
delirium [54, 55]. This points to a potential mechanism of delirium
which involves leukocyte migration into the central nervous system
and a breakdown of the blood—-brain barrier [56].

Another potential risk factor for delirium as it relates to major
surgical procedures is the association with increased blood loss and
the development of POD. Postoperative delirium has found to be
associated with increased intraoperative blood loss, increased post-
operative blood transfusions and a postoperative hematocrit less
than 30% [57]. Blood transfusion is a well-documented trigger and
amplifier of systemic inflammation, as well as, a cause of increased
oxidative damage [58]. Conversely, lower hemoglobin levels also
correlate with increasing risk of POD/POCD [59]. At this time
there is not a clear clinical recommendation that can be made
regarding perioperative anemia management in its relationship to
POD/POCD. However, it is increasingly clear that surgeries with
increased risk for bleeding and the need for transfusion will likely
significantly increase the risk of POD/POCD, especially in the
geriatric population or patients with other risk factors for
POD/POCD.

7 Prevention and Treatment

Given the prevalence and increased morbidity and mortality of
POD /POCD, recent studies have focused on prevention and treat-
ment of POD. Anti-inflammatory pharmacology shows promise in
treating and possibly preventing POD. Hydroxy methyl glutaryl
coenzyme-A reductase inhibitors (statins) have shown promise to
have neuroprotective effects in both animal and human studies
[60]. These neuroprotective effects are likely derived from statins
immunomodulatory, anti-inflammatory and antithrombotic prop-
erties [61]. In one prospective observational study, statins given
preoperatively were found to decrease POD in patients undergoing
cardiac surgery with cardiopulmonary bypass [62]. Interestingly,
another retrospective study found an increased association with
preoperative statin use and increased POD after elective surgery
in elderly patients [63]. Clearly, more research is needed to identify
the role statins may play in the development of POD.

Treatment of POD should begin with identification of under-
lying medical conditions which may be contributing causes, opti-
mization of environment and pain control and in refractory cases,
pharmacologic treatment. In situations where POD places the
patient or caregivers at risk of physical harm or when POD is
interfering with routine postoperative care, pharmacologic treat-
ment should be considered. Haloperidol, a typical antipsychotic
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that acts as a dopamine receptor type-2 (D2) antagonist remains
one of the mainstays in the treatment of delirium, regardless of the
cause. Recent studies have shown possible benefit from prophylac-
tic use of haloperidol in preventing postoperative delirium
[64]. When administered for treatment, a dose of 0.5-1 mg IV
every 10-15 min can help control behavior. Larger doses may be
used in severely agitated and combative patients, but may cause
undesirable side effects, particularly over sedation. QT prolonga-
tion is an ever-present concern which can be monitored by EKG
[65]. Extrapyramidal side effects have been reported and may be
permanent [66]. Neuroleptic malignant syndrome has been
reported in patients as a side effect of Haloperidol and manifests
with hyperpyrexia, rigidity, cognitive changes, autonomic instabil-
ity and elevated creatinine kinase levels [67]. In the surgical popu-
lation patients with these symptoms may be confused to be
exhibiting symptoms of malignant hyperthermia. In patients in
whom side effects from haloperidol are of particular concern, atypi-
cal antipsychotic medications can be considered as they have a more
favorable safety profile. In, particular, risperidone has shown prom-
ise in treating postoperative delirium, and in one study, was able to
prevent POD in cardiac patients undergoing CPB [68].

The relative deficiency in acetylcholine remains as a leading
hypothesis to explain the susceptibility to dementia and cognitive
decline in the elderly population [69]. As such, several studies have
investigated the role that acetylcholine esterase inhibitors may play
in the prevention and treatment of POD. The beneficial effects of
anticholinesterase inhibitors in the treatment of dementia have
suggested potential usefulness in the treatment of POD. Thus far
the results have been mixed, however, a recent study involving
rivastigmine administered transdermal via a patch was able to
decrease the incidence of POD in hip fracture patients [70]. Mean-
while, another prospective study failed to show benefit of oral
rivastigmine in preventing POD in patients undergoing cardiac
surgery [71].

The aging brain likely has increased sensitivity towards the
adverse effects in the central nervous system (CNS) of drugs com-
monly used in the perioperative period. Virtually any drug with
CNS activity has been implicated in causing delirium. Antihista-
mines such as diphenhydramine are often given as antiemetic med-
ications, however these drugs often have significant anticholinergic
effects that can cause agitation, confusion and disorientation
[72]. Even small amounts of anticholinergic drugs such as atropine
and scopolamine can cause delirium in the geriatric population (the
quaternary amine glycopyrrolate which does not cross the blood
brain barrier is a better choice in this population) [73]. If delirium
caused by anticholinergic medications is suspected, the cholinester-
ase inhibitor physostigmine can be used as an antidote.
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Effective management of the surgical pain is another important
modifiable strategy to prevent POD. Increased postoperative pain
scores during the first 3 postoperative days increases the likelihood
of POD (after controlling for other known preoperative risk fac-
tors) [74]. Inadequate pain appears to be an important cause of
POD. Opioids remain the mainstay for treating postoperative pain.
There is inadequate evidence whether opioids in and of themselves
contribute to increased risk or severity of POD. Since the impor-
tance of'adequate pain control after surgery to prevent POD cannot
be underestimated, opioids should be used to obtain adequate
analgesia, postoperatively. Meperidine is the only opioid that has
consistently shown an increased association with delirium (proba-
bly secondary to its anticholinergic properties) [75]. There does
not seem to be any clear advantage among the more commonly
used perioperative opioids (hydromorphone, fentanyl, and mor-
phine) in preventing delirium. Because of the hemodynamic stabil-
ity of opioids, high-dose opioids are common practice in
cardiothoracic surgery, at least prior to “fast-tracking” of cardiac
patients. Low doses of fentanyl for open-heart surgery (10 pg/kg)
versus higher doses (50 pg/kg) does not prevent POCD in this
high-risk group of patients but may aid in earlier extubation times
postoperatively [76].

The literature regarding benzodiazepines and the role they may
play in the development of POD or POCD in the elderly popula-
tion has been mixed. Benzodiazepines have variable pharmacody-
namics and pharmacodynamics and their cognitive effects can be
more exaggerated in the elderly. Their effects may appear paradoxi-
cal in geriatric patients as these patients sometimes exhibit agitation
and disinhibition. Metabolism of some benzodiazepines (such as
diazepam) can be slow, as well as having several active metabolites.
In elderly patients, the metabolites benzodiazepines, particularly
the metabolites of longer acting drugs such as diazepam can be
detected postoperatively even one week after surgery. However, the
detection of these metabolites does not seem to correlate with
POCD. Though the role that benzodiazepines may play in the
development of POCD remains controversial, there does seem to
be a stronger correlation in their role in increasing risk of POD
[77]. This underscores the need to tailor treatment in this age
group to smaller doses of this class of drug, or even avoiding
them all together in the geriatric population. Longer acting benzo-
diazepines as well as increased doses of benzodiazepines have a
stronger association with POD than shorter acting agents or low
dose exposures [78]. Benzodiazepines may be necessary in certain
subgroups of patients (active seizures, prevention of delirium tre-
mens in known alcoholics and in benzodiazepine dependency)
however, attempting to limit their use in geriatric patients in the
perioperative period may prove prudent [75].
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Dexmedetomidine is a highly selective alpha-2 agonist that may
prevent POD in both cardiac and noncardiac surgery. When com-
pared to propofol in elderly cardiac patients, dexmedetomidine had
less incidence of POD as well as shorter duration and severity of
POD [79]. An interesting study conducted in China compared low
dose (0.1 pg/kg/h) intravenous dexmedetomidine infusions ver-
sus placebo in both intubated and non-intubated noncardiac post-
surgical patients, the results of which showed a significant decrease
in the incidence of POD (9% dexmedetomidine group versus 23%
in the placebo) [80]. The dexmedetomidine group also reported
better scores on a subjective sleep quality scale. Dexmedetomidine
may prove to be particularly advantageous in the perioperative
setting given its analgesic, sympatholytic and anxiolytic properties
as well as its qualities as a sedative with minimal respiratory depres-
sant compromise. Using dexmedetomidine for postoperative seda-
tion may also decrease requirements for benzodiazepine use
postoperatively. Dexmedetomidine may have important functions
perioperatively as an anti-inflammatory agent. Dexmedetomidine
given after surgery decreases important inflammatory markers such
as interleukins (IL-6 and IL-8), as well as tumor necrosis factor
alpha (TNF-a), which have been linked to increased risk of POCD
[81, 82]. Dexmedetomidine decreases the risk of POCD in the
geriatric population with its anti-inflammatory actions as the likely
mechanism.

Ketamine is another important anesthetic agent that may have
anti-inflammatory actions that can prevent POD/POCD. In one
study of cardiac patients undergoing surgery requiring CPB,
including Ketamine as one of the induction agents significantly
decreased the risk of POD versus a control group (3% of the
patients receiving Ketamine were diagnosed with POD versus
31% in the control group) [83]. The group receiving ketamine
was also found to have lower C-reactive protein levels, thus giving
support to the theory that the mechanism of protection is as an
anti-inflammatory agent. Ketamine is also known to inhibit I1L-6, a
potent inflammatory cytokine [84].

Adequate research in the identification, prevention, and treat-
ment of POD/POCD is of upmost importance for the benefit of
surgical patients and for society. With an increasing segment of the
population over the age of 65, the incidence of POD and POCD
will likely become an increasingly common problem. POD and
POCD are costly. They increase hospital length of stay, the utiliza-
tion of resources, and increase the need for prolonged rehabilita-
tion after discharge from the hospital. Patients with POD and
POCD are at increased risk of mortality and are at risk for long-
term cognitive and physical morbidity.
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8

Future Research Perspectives

Future research may lead us into a clearer way to optimize care for
these patients. As the mechanism of POD/POCD becomes more
clearly defined, specific modalities to identify these patients perio-
peratively may be useful. Ideally, we could identify the patients at
the highest risk of developing POD /POCD and implement specific
strategies to prevent the progression of POD /POCD. Specifically,
future studies focusing on detection of certain biomarkers of
inflammation show promise in identitying patients at increased
risk of POD/POCD. Also, specific modalities acting as anti-
inflammatory agents may prove useful in the prevention and treat-
ment of POD and the progression to POCD.
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