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Abstract

Although drugs have been used to administer general anaesthesia for more than
a century and a half, relatively little was known until recently about the molecu-
lar and cellular effects of the anaesthetic agents and the neurobiology of anaes-
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thesia. Positron emission tomography (PET) and single-photon emission
computed tomography (SPECT) studies have played a valuable role in improv-
ing this knowledge. PET studies using ''C-flumazenil binding have been used to
demonstrate that the molecular action of some, but not all, of the current anaes-
thetic agents is mediated via the GABA , receptor. Using different tracers labelled
with 18F, 'C and 'O, PET studies have shown the patterns of changes in cerebral
metabolism and blood flow associated with different intravenous and volatile
anaesthetic agents. Within classes of volatile agents, there are minor variations in
patterns. More profound differences are found between classes of agents.
Interestingly, all agents cause alterations in the blood flow and metabolism of the
thalamus, providing strong support for the hypothesis that the anaesthetic agents
interfere ~ with  consciousness by interfering with thalamocortical
communication.

44.1 Introduction

Every day, around the world, a large number of patients receive sedative and anaes-
thetic agents for sedation and anaesthesia in intensive care units, in operating the-
atres and in other centres where diagnostic and therapeutic procedures are performed.
Despite this and the fact that anaesthetic drugs have been used regularly since the
1840s, surprisingly, little is known about the state of anaesthesia, the mechanism
and site of action of the anaesthetic agents and the longer-term consequences of
sedation and anaesthesia. In the early 1990s, so little was known about the state of
anaesthesia that Christof Koch co-wrote a serious article discussing the basic ques-
tion ‘Does anaesthesia cause loss of consciousness?’ (Kulli and Koch 1991). In the
decades since, significant progress has been made, thanks mostly to developments
in technologies for functional imaging, such as PET, but still many fundamental
questions remain unanswered! Part of the reason for slow progress is the current
limited understanding of the neurobiology of consciousness.

Although anaesthesia is sometimes required for clinical PET scanning of the
brain and other organs, the anaesthetic management of patients undergoing scan-
ning will not be discussed here. Rather, this chapter will focus on the application of
PET brain scanning techniques to studies of the neurobiology of anaesthesia.

44.2 Consciousness and Unconsciousness

One of the aims of anaesthesia is to induce loss of consciousness and prevent return
of consciousness during a surgical procedure. Consciousness is an ethereal concept,
whose nature and meaning have been debated for centuries. Today, most people
believe it to be a subjective experience resulting from the electrical activity of the
neurons in the brain (or more accurately the co-ordinated activity of assemblies or
networks of neurons). Generally, we infer that an individual is conscious on the
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basis of his behaviour, his interactions with his environment and his reports of his
experiences.

Medically, we define unconsciousness as an absence of wakefulness, alertness
and awareness, but inferences that these are absent are usually based on the absence
of behavioural responses to external stimuli. There are several circumstances when
such inferences may not be true, as in patients with the ‘locked-in’ syndrome. In
anaesthetic practice, we commonly administer doses of opioid drugs that obtund
responses to stimuli (but do not necessarily by themselves prevent consciousness),
and in patients presumed to be unconscious, we often administer drugs that paralyze
the muscles but do not alter consciousness.

The literature contains a wide range of published incidences of the so-called
problem of accidental awareness of general anaesthesia with subsequent recall of
intraoperative events (AAGA). The differences arise mostly from differences in
study population and methodology. The reported incidence also appears to be higher
when structured postoperative interviews are used to test for explicit recall (Mashour
etal. 2013; Walker et al. 2016), with incidences in large trials of the 1-2 out of every
1000 patients undergoing anaesthesia (Sandin et al. 2000; Sebel et al. 2004). A
recent large UK national audit project (NAPS5) indicated that the incidence of spon-
taneous complaints of AAGA is much lower (~1: 19,000 patients) but higher in
specific patient populations and a wide range of psychological consequences (Pandit
et al. 2014). The incidence of awareness during surgery without subsequent recall is
not known but is likely to be much higher (Absalom and Green 2013).

44.3 Definition of Anaesthesia

Due to the combined problems of a poor understanding of consciousness and of the
effects of anaesthetic drugs on the brain, anaesthesia has been very difficult to define
and has largely been defined on the basis of the absence of features of conscious-
ness. For most of the history of the practice of anaesthesia, anaesthesiologists have
tended to define adequate clinical anaesthesia as a triad of ‘hypnosis’, analgesia and
muscle relaxation. In anaesthetic jargon, anaesthetic-induced loss of consciousness
is referred to as ‘hypnosis’ and anaesthesia-inducing drugs as ‘hypnotics’. The term
‘analgesia’ was previously used to refer more generally to the (desired) loss of auto-
nomic responses to painful stimuli, and muscle relaxation referred to the desire of
the surgeon for a lack of patient movement and for some operations a reduction in
muscle tone. Early volatile anaesthetic agents were able to suppress consciousness
and, in sufficiently large doses, were able to suppress autonomic responses (tachy-
cardia, hypertension) and reduce muscular tone. These latter effects are mediated by
separate actions of the drugs on different parts of the nervous system and on the
cardiovascular system and are not part of a single spectrum of effects at a single site
(Prys-Roberts 1987; Kissin 1993). Thus, modern clinical practice involves adminis-
tration of different ‘purer’ agents targeted at different elements of this triad—mod-
est doses of hypnotic agents for suppression of consciousness, local and systemic
analgesic drugs for suppression of autonomic responses and neuromuscular
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blocking agents for muscle relaxation or paralysis where that is required. With this
approach, more attention is now focused on the cognitive aspects of anaesthesia,
with anaesthesia being defined as a drug-induced reversible state of unconscious-
ness principally characterized by a lack of awareness of, and subsequent memory
for, intraoperative events.

Thus, this chapter will focus on the use of PET technology to understand the
main component of anaesthesia, ‘hypnosis’, and will not deal with functional imag-
ing of pain perception and analgesia.

44.4 Why Study Anaesthesia?

In current clinical practice, many anaesthesiologists err on the side of deeper anaes-
thesia in the hope of avoiding the problem of anaesthetic awareness. This is not an
ideal approach since all the anaesthetic agents in current use possess dose-related
adverse effects, such as depression of the cardiovascular and immune systems.

Earlier studies suggested an association between excessive depth of anaesthesia
(i.e. an excessive dose) and mortality within 1 and 2 years (Monk et al. 2005;
Lindholm et al. 2009). A recent large randomized controlled trial however indicated
that there was no difference in 1-year mortality between light general anaesthesia
and deep general anaesthesia in elderly patients (Short et al. 2019).

Animal evidence suggests that in the extremes of age (i.e. in the very young and
the elderly), anaesthetic agents may be neurotoxic.

There is a plethora of evidence that exposure of a wide variety of animals to the
commonly used anaesthetic agents during the neonatal period results in neuronal
injury and associated cognitive changes (Jevtovic-Todorovic et al. 2013).
Epidemiological studies of neonatal exposure to anaesthetic agents have shown
conflicting results, whereas a randomized controlled trial in human neonates showed
no evidence of changes in cognitive function at 3 and 5 years after exposure
(Davidson et al. 2016; McCann et al. 2019).

While there is some in vitro evidence that anaesthetic agents may promote
Alzheimer’s disease-type changes (Mandal and Fodale 2009; Whittington et al.
2011), so far, there is no convincing clinical evidence that anaesthetic exposure
enhances neurodegenerative processes in the ageing brain.

Studies of the molecular mechanisms of action of the anaesthetic agents offer
much more than simply satisfying the curiosity of anaesthesiologists. Better knowl-
edge of the molecular mechanism may inform the development of newer agents,
specifically designed to have a broader therapeutic range and fewer adverse effects.

Furthermore, studies of the mechanism of action of the anaesthetic agents may
provide information about the nature of, and the mechanisms of, consciousness
itself. Here, the hypnotics or sedatives used could be regarded as probes, by which
investigators can interfere with different cognitive functions, to help shed light on
functions such as speech processing and memory functions (Davis et al. 2007;
Adapa et al. 2014; Naci et al. 2018), alertness, wakefulness, awareness and
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consciousness itself (Arhem et al. 2003; Lydic and Baghdoyan 2005; Hameroff
2006; Mashour 2006; Franks 2008; Alkire et al. 2008b; Brown et al. 2010; Varley
et al. 2019). Once again, this knowledge has practical relevance, since a better
understanding of memory function, and of the interactions among anaesthetic
agents and stress on awareness and memory function, may inform methods of
detecting and preventing inadvertent awareness with subsequent recall of intraop-
erative events.

44.5 Available Tools for Studying Anaesthesia

To fully understand anaesthesia, multiple layers and domains of knowledge are
required, starting with the molecular effects (or possibly at submolecular level),
explaining how these influence the function of individual neurons and how these
influence the interactions or communication among networks or assemblies of other
neurons, before making the jump to explain how the perturbed electrical and other
activities in these assemblies or networks of neurons eventually result in impair-
ment or absence of consciousness.

Different techniques lend themselves to study of different parts of this chain of
events. Molecular biology laboratory techniques (such as identification and isola-
tion of specific receptor types and patch-clamp techniques to measure the effects of
ion fluxes in response to application of different agonists and antagonists) have been
the basis for much of our improved understanding of the molecular actions of our
agents. However, as will be seen below, in recent years, PET-based techniques have
also been used to study receptor effects.

Cellular function is also commonly studied by molecular biology techniques and
by recordings of local field potentials, usually in animals (Imas et al. 2006). PET
techniques have been used very successfully to describe the indirect neurophysio-
logical effects of anaesthetic agents such as changes in regional blood flow and
metabolism secondary to changes in neuronal (electrical) activity. Occasionally,
clever designs have been used to link these regional changes with specific neuronal
populations.

Changes in regional neurophysiology are also detectable with functional MRI
techniques, in which the scanner sequences are chosen so that regional changes in
blood oxyhaemoglobin levels are detectable. This so-called BOLD or blood oxygen
level-dependent signal relies on the fact that deoxyhaemoglobin is paramagnetic,
whereas oxyhaemoglobin is not. When regional neuronal electrical activity
increases, local blood flow and oxygen delivery increase in excess of the increase in
oxygen requirements, thereby causing a reduction in the regional concentration of
deoxyhaemoglobin and the MRI signal. These fMRI techniques have the benefit of
superior temporal resolution compared with PET but suffer from the disadvantage
of worse spatial resolution. There is also sometimes debate about the validity of
fMRI techniques when anaesthetic agents are used, since, although the anaesthetic
agents generally cause matched reductions in cerebral electrical activity,
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metabolism and flow, they can also have direct vasodilatory effects which result in
oxygen delivery in excess of requirements and thus produce BOLD signal changes
unrelated to changes in neuronal activity.

We assume that cognitive functions are mediated by electrical activity in net-
works of neurons, and so perhaps electroencephalography (EEG) can be said to be
the most direct and objective measure of brain activity. It has excellent temporal
resolution but only reflects cortical activity and represents the summed activity of
millions of cortical pyramidal neurons in the vicinity of each electrode. Nonetheless,
EEG-based monitors of anaesthetic depth have been developed and shown to assist
with rational and patient-individualized titration of anaesthetic dose. These moni-
toring techniques suffer from the disadvantage that at best, their output correlates
with the probability of consciousness but seldom gives an absolute indication of
whether consciousness is present or absent. Although there are EEG patterns associ-
ated with wakefulness and also with very deep anaesthesia, there is currently no
known EEG signal that can clearly detect the transition between consciousness and
unconsciousness. Some early efforts have been made to integrate information
obtained from electroencephalography with that from PET-based assessments of
changes in regional neurophysiology (Noirhomme et al. 2009). Others have com-
bined transcranial magnetic stimulation and EEG recording to yield insights into
differences in signal transmission during wakefulness and natural sleep (Massimini
et al. 2005, 2007). Finally, studies of the regional correlations in electrical activity,
and in particular coherence analyses, are beginning to yield interesting insights into
how anaesthetic agents might interfere with the transfer of information between
regions (Lee et al. 2009).

Ultimately though, the aim of anaesthesia is to induce loss of consciousness and
prevent return of consciousness during a surgical procedure. To understand how the
molecular, cellular and neuronal network effects of the anaesthetic agents finally
result in a change of consciousness and memory functions is possibly the most chal-
lenging step, since it remains to be explained how molecular, cellular and electrical
activity generates conscious experiences at all.

In anaesthetic studies, a common aim is to correlate drug-induced regional neu-
rophysiological changes with cognitive function changes. This can be difficult to
achieve, even with the time-honoured behavioural testing techniques of cognitive
neuroscience and experimental psychology. At lower, sedative doses, when some
cognitive functions are still intact, behavioural and memory testing is informative.
However, when the end point is loss of consciousness, observations of behaviour
and memory are only partially informative. Firstly, assessment of behavioural
responses usually involves application of a verbal or painful stimulus that may itself
alter the state of consciousness. Secondly, the absence of behavioural responses
does not always imply lack of consciousness, but may only indicate a failure of voli-
tion or motor control, and in some circumstances, movement in response to pain can
occur without the presence of consciousness. Likewise, reliance on explicit memory
is not always informative, since sub-sedative doses of several anaesthetic agents are
associated with profound amnesia.
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44.6 Early Theories of the Molecular Mechanism
of Anaesthetic Action

The range of possible types of theories for the mechanism of action is from so-
called unitary theories, proposing a single neuronal target, to hypotheses that pro-
pose multiple neuronal targets per drug. For most of the twentieth century, the
Meyer-Overton hypothesis—a unitary theory—held sway. It was noted that the
potency of the anaesthetic agents correlated with their lipid solubility, and this com-
bined with the observation that increases in ambient pressure could reverse anaes-
thesia leads to the conclusion that anaesthetic effects were mediated by a non-specific
physical effect on the lipid bilayer of neuronal cell membranes. It was thought that
the physical presence of anaesthetic molecules within this layer caused alterations
in membrane volume and fluidity, resulting in dose-dependent dysfunction of all
exposed neurons.

Towards the end of the twentieth century, evidence mounted against the Meyer-
Overton hypothesis. Studies showed that membrane volume changes were in fact
negligible. Other evidence against a non-specific mechanism came from increasing
knowledge of exceptions to the rule and biochemical experiments with known
anaesthetic agents where small alterations in structure were associated with loss of
anaesthetic potency. Further evidence against a simple physical mechanism came
from studies showing that current flows along giant squid axons (mediated by
voltage-gated Na and K channels) were insensitive to anaesthetic agents (Haydon
and Urban 1983, 1986). A major breakthrough came when Franks and Lieb pro-
duced the first strong evidence that known anaesthetic agents exhibited dose-
dependent effects on proteins, leading to the suggestion that anaesthetic agents
acted on membrane receptors (Franks and Lieb 1984). Nonetheless, the academic
community was slow to accept this, and it was only with growing evidence against
non-specific membrane effects (such as the demonstration of differences in potency
among optical isomers of known anaesthetic agents (Franks and Lieb 1993)) and
growing evidence of specific effects at receptors (Hales and Lambert 1991; Franks
and Lieb 1997) that the Meyer-Overton hypothesis was gradually rejected.

44,7 Current Theories of the Molecular Mechanism
of Anaesthetic Action

Most workers in the field now agree that anaesthetic agents act to hyperpolarize
neurons by either potentiating inhibitory circuits or inhibiting excitatory pathways
and that they do so by specific actions at ligand-gated receptors (Franks 2008;
Alkire et al. 2008b; Franks and Lieb 2004). In the case of the commonly used intra-
venous anaesthetic agent propofol, and for the less commonly used agents such as
the barbiturates and etomidate, the chief molecular effect seems to be potentiation
at the GABA , receptor. Gene knockout studies in animals suggest that the different
components of the clinical effects of these agents, such as amnesia and sedation, are
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mediated by different GABA , receptor subtypes. In fact, sensitivity to the different
anaesthetic effects may be strongly modulated by single nucleotide substitutions
(Belelli et al. 1997; Mihic et al. 1997; Reynolds et al. 2003), suggesting a potential
genetic basis for some of the pharmacodynamic variability seen in clinical practice.
Although the GABA, receptor is posited to be the main molecular site of action,
there is also evidence for effects at an array of other sites, such as at nicotinic ACh
receptors and voltage-gated potassium channels, although the significance of these
effects is unclear (Fig. 44.1).

Two less commonly used intravenous anaesthetic agents that have not yet been
mentioned are ketamine and dexmedetomidine. Ketamine causes potent analgesia,
and when used as the sole hypnotic, it causes a dissociated state (in which the
patient may appear conscious but is dissociated from the environment and applied
stimuli). Both effects are mediated via an antagonist effect at the NMDA glutamate
receptor (Franks 2008; Alkire et al. 2008b). Dexmedetomidine also has some
weaker analgesic effects and at low doses causes arousable sedation not dissimilar
to a natural sleep state, with general anaesthesia occurring at much higher doses.
These effects are mediated by an agonist effect at a2 adrenergic receptors, with
sedative and hypnotic effects probably mediated by actions on these receptors in
the locus coeruleus.

GABA, Glycine nACh nACh 5-HT;  AMPA  Kainate NMDA
receptor receptor (muscle) (neuro) receptor receptor receptor receptor
receptor receptor

Etomidate
Propofol

Barbiturates

Ketamine

Isoflurane

Sevoflurane

Nitrous oxide

Fig. 44.1 Ligand-gated ion channels are probably the most relevant targets for general anaesthet-
ics. A dark green or pink spot indicates significant potentiation or inhibition, respectively, of ago-
nist actions at the receptor by the anaesthetic with an EC50 or IC50 that is no greater than three
times higher than the EC50 for producing immobility. A light green or light pink spot indicates
little potentiation or inhibition, respectively, at concentrations that were less than three times the
EC50 for immobility; an empty spot indicates no effect at any concentration tested. (From Rudolph
and Antkowiak (2004) used with permission)
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For the volatile anaesthetic agents, agonist effects at the GABA , receptor appear
to be important (Alkire et al. 2008b) but with binding of the agents to different bind-
ing sites than those for propofol and the barbiturates. The molecular mechanism of
action of the volatile agents may also include significant potentiating effects at two-
pore potassium and glycine channels and inhibitory effects at NMDA receptors
(Franks 2008).

44.8 Early PET Studies of the Global and Regional Changes
in Cerebral Glucose Metabolism Caused by
Anaesthetic Agents

The earliest PET studies of anaesthesia were performed in rats, in which FDG was
used during propofol anaesthesia, and showed dose-dependent global reductions in
cerebral glucose utilization (Ori et al. 1986; Dam et al. 1990; Cavazzuti et al. 1991).
These studies led Dr Michael Alkire to perform the first PET studies of anaesthesia
in humans. In that, "FDG was used before and during propofol anaesthesia, and as
in the rat studies, it was found that anaesthesia caused reductions in glucose metab-
olism in all measured cortical and subcortical areas (Alkire et al. 1995). In this
study, marked regional differences in tracer uptake were noted, with a greater sup-
pression of cortical than subcortical activity. At this time, it was just becoming
apparent that the molecular mechanism of action of propofol was mediated by the
GABA, receptor. These regional differences even led Alkire and colleagues to spec-
ulate that differences in the regional distribution of GABA , receptors were respon-
sible for the regional variations in metabolic activity.

Alkire and his group then went on to study the influence of isoflurane anaesthesia
on glucose metabolism, again using the ¥FDG tracer (Alkire et al. 1997). Although
they found a similar degree of global reduction in metabolic activity to propofol,
they found less regional variability with isoflurane. They found similar reductions
in cortical and subcortical activity and widespread, fairly uniform reductions in
activity across all cortical and subcortical areas. This widely quoted study was taken
to provide support for a non-specific, physical explanation of the mechanism of
action of the anaesthetic agents.

A subsequent study with an older volatile anaesthetic agent, halothane, showed
similar global reductions in metabolic activity to isoflurane and propofol (40% vs.
46% and 55%, respectively) (Alkire et al. 1999). In general, the pattern of regional
metabolic effects was similar to that found with isoflurane, with the exception of the
cerebellum, where metabolism was more suppressed by halothane. As with isoflu-
rane, midbrain metabolism was more suppressed than with propofol, and here, the
authors speculated that this is because the volatile anaesthetics have a strong influ-
ence on cholinergic transmission, whereas propofol does not.

Each of the above three studies involved only a small number of subjects, in
whom anaesthetic dose was titrated to loss of consciousness, with concurrent EEG
monitoring, using the bispectral index (BIS) monitor (Covidien, USA), a monitor of
depth of anaesthesia, which gives an output of between 0 and 100, where zero
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indicates no brain electrical activity and 100 the completely awake state and values
between 40 and 60 are taken to represent adequate anaesthesia. The authors com-
bined the data to show that the degree of global reduction in glucose metabolism
correlated strongly with the bispectral index (Alkire 1998).

Although the above findings were sometimes taken to provide evidence of a non-
specific mechanism of anaesthetic activity, they also indicated differences between
anaesthetic agents and regional variations in metabolic suppression, providing evi-
dence against the theory of a single non-specific mechanism of action. In the subse-
quent years, the evidence against this theory continued to mount up, particularly as
investigators designed more sophisticated studies, combined imaging modalities
and compared the results of different drugs and modalities. PET methodology
played an important role in this. Indeed, by 2005, there was sufficient evidence from
studies involving PET measures of cerebral blood flow and metabolism with differ-
ent anaesthetic agents for Alkire to perform a conjunction analysis. This analysis
highlighted the considerable regional differences among different agents, thereby
providing strong evidence for specific anaesthetic effects (Alkire and Miller 2005).
Further, despite differences in molecular mechanisms and in regional neurophysio-
logical effects, all agents with anaesthetic effects had in common a significant effect
on the thalamus (see Fig. 44.2). Based on this work and on previous animal findings
(Angel 1993), Alkire became a strong proponent of the ‘thalamocortical switch
hypothesis’, the theory that thalamocortical resonant loops are essential for con-
sciousness and that all anaesthetic agents interrupt consciousness by interrupting
the thalamocortical interactions and interrupting onward transmission of ascending
electrical signals (Alkire et al. 2000).

Subsequent work using PET has assessed various combinations of cerebral
metabolism, blood flow, blood volume and receptor occupancy, for different drugs
(sometimes in combination). To simplify the findings, they will be subdivided by
drug type, starting with the intravenous agents (propofol, ketamine and the alpha2
agonists) and finishing with the inhaled agents (volatile anaesthetic agents, nitrous
oxide, xenon).

44,9 PET and Propofol

The early work by Alkire et al. (1995) has already been mentioned. Although this
showed global reductions in glucose metabolism, the effects of propofol on relative
glucose metabolism were different for different areas (where regional metabolism
as a proportion of global metabolism is considered). Thus, whereas the relative glu-
cose metabolism decreased for most cortical areas and the thalamus, there were
relative increases for the temporal lobe, hippocampus, basal ganglia, midbrain and
cerebellum.

Fiset and colleagues used H,'”O PET to study changes in global and regional
cerebral blood flow (rCBF) associated with mild sedation, deep sedation and uncon-
sciousness induced by propofol (Fiset et al. 1999). Concordant with the findings of
Alkire, they found dose-related decreases in global CBF. Further, they identified
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HALOTHANE AND ISOFLURANE
SEVOFLURANE rCBF rCMRglu conjunction

PROPOFOL rCBF

PROPOFOL rCBF correlation . : MIDAZOLAM rCBF

CLONIDINE rCBF DEXMEDETOMIDINE rCBF

Fig. 44.2 The regional effects of anaesthetics on brain function in humans who were given vari-
ous anaesthetic agents at doses that altered the level of consciousness. The data are from seven
different groups of investigators and encompass the study of eight different agents. The regional
effects were measured using blood-flow- or glucose-metabolism-based techniques. All images
show regional decreases in activity caused by anaesthesia compared to the awake state, except the
propofol correlation image, which shows increasing anaesthetic dose correlates with decreasing
blood flow. The figure identifies that altered blood flow and metabolism in the thalamus are a com-
mon finding associated with anaesthetic-induced unconsciousness. (From Alkire and Miller (2005)
used with permission)

evidence supporting specific molecular effects of propofol. They found that propo-
fol preferentially decreased rCBF in brain regions involved in arousal, autonomic
functions and associative functions, such as the medial thalamus, midbrain, cuneus
and precuneus, posterior cingulate cortex and orbitofrontal regions. Interestingly,
there were strong correlations in rCBF in the midbrain and thalamus, indicating
strong functional interactions between the arousal systems of these regions.

In a more sophisticated study, this group measured CBF responses (using H," O
PET) to vibrotactile stimulation during graded sedation and anaesthesia (Bonhomme
etal. 2001). In general, this study demonstrated that propofol caused dose-dependent
decreases in rCBF in the thalamus, bilateral precuneus and bilateral posterior cingu-
late gyri. During unconsciousness, there were widespread increases in rCBF when
PaCO, was increased by 20%, which can be explained by the fact that CO,
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reactivity is preserved with propofol. In the awake state, vibrotactile stimulation
produced a predicted pattern of rCBF changes—increases in relative rCBF in the
left thalamus and primary somatosensory cortex (S1) and left superior frontal gyrus
and bilateral secondary somatosensory (S2) cortices. Most interesting was the find-
ing that propofol produced dose-dependent, selective regional effects on the
responses to vibrotactile stimulation. At low sedative doses, the S1 responses were
abolished, and at moderate sedative doses, the S2 responses were abolished (and
accompanied by changes in sensory perception), whereas thalamic responses were
only abolished when consciousness was lost.

Scheinin et al. in Finland used H,'*O PET to assess changes in absolute and rela-
tive CBF during graded general anaesthesia (from moderate to deep levels) with
propofol and sevoflurane (Kaisti et al. 2002). Propofol caused a significant global
decrease in absolute rCBF but with a ceiling effect at the lowest anaesthetic concen-
tration studied (a target plasma concentration of 6 pg/mL, which is approximately
the concentration required to suppress movement responses to pain in 50% of
patients). The transition from the awake state to that at EC50 was associated with
relative rCBF decreases in the thalamus, midbrain, cuneus, precuneus, posterior
limbic system and parietal and frontal cortices. The lack of absolute changes in
rCBF with propofol, even at 2 x EC50, suggested that flow-metabolism coupling is
maintained during propofol anaesthesia. In a subsequent study by the same group,
also involving propofol anaesthesia, but at a lower dose (mean measured concentra-
tion 3.7 pg/mL), similar changes in rCBF, regional oxygen metabolism and regional
cerebral blood volume (assessed by H,"0, *0, and C,50 tracers, respectively) were
found (Kaisti et al. 2003). This provided evidence of intact flow-metabolism cou-
pling at this low dose, which suggests that low-dose propofol anaesthesia does not
produce direct vasodilatory effects. Another group administered a similar level of
propofol anaesthesia (targeting a BIS of 35-40) to volunteers and found similarly
matched changes in flow and metabolism (in this case, metabolism was assessed
with ®FDG PET) (Schlunzen et al. 2012).

Most studies of the influence of propofol metabolism have assessed glucose or
oxygen metabolism. One study, however, has assessed regional cerebral protein
synthesis rates using the tracer L-[1-''C]leucine (Bishu et al. 2009). No effect of
propofol on protein synthesis was found (measured propofol concentrations were in
the range 4.2-8.1 pg/mL).

The remaining studies to be discussed in this section were focused on receptor
effects of propofol. Alkire and Haier performed a study in which they correlated
their findings concerning regional cerebral glucose metabolism rates under propofol
and isoflurane anaesthesia, with data previously published by other investigators on
the regional distributions of different neurotransmitter systems (Alkire and Haier
2001). The latter data were acquired from post-mortem immunochemistry investi-
gations (Braestrup et al. 1977; Zezula et al. 1988; Enna and Snyder 1977). They
were able to show that there were significant correlations between regional reduc-
tions in glucose metabolism during propofol anaesthesia and the regional distribu-
tion of benzodiazepine binding sites (from studies using *H-diazepam which binds
to both neuronal and mitochondrial benzodiazepine receptors and *H-flunitrazepam
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which binds only to neuronal benzodiazepine binding sites on GABA, receptors).
There were also weaker correlations with the distribution of opioid binding sites but
no correlations with distribution densities of adrenergic, muscarinic and serotonin
binding sites.

Salmi and colleagues later showed that propofol increases ''C-flumazenil bind-
ing, indicating that propofol enhances the affinity of GABA for GABA, receptors
(Salmi et al. 2004). At around the same time, another group found that propofol
anaesthesia was associated with a reduction in muscarinic receptor binding by the
tracer [N-''C-methyl]-benztropine (Xie et al. 2004), but this finding was difficult to
interpret. Although it may have indicated binding of propofol to muscarinic recep-
tors, it could also have been the result of a change of affinity of the receptor for
benztropine or an increase in benztropine metabolism caused by propofol. Several
years later, members of the same group performed an intriguing study in which they
measured CBF with a H,'>O technique at baseline, after loss of consciousness with
propofol and administration of the cholinesterase inhibitor, physostigmine (Xie
et al. 2011). Some, but not all, volunteers regained consciousness after physostig-
mine administration, despite constant blood and brain concentrations of propofol.
The authors found that loss of consciousness was associated with decreases in rCBF
in the thalamus and precuneus and that among those that regained consciousness
after physostigmine, restoration of consciousness was associated with increases in
rCBF in these same structures. It is assumed that the increased ACh levels caused by
physostigmine result in activation of cholinergic pathways and an increase in tha-
lamic throughput of electrical signals sufficient to cause a return of consciousness.

Taken together, these studies indicate that propofol causes a specific pattern of
changes in regional metabolic activity and CBF but with a key effect at the thalamus
and that loss of consciousness is associated with interruption of thalamocortical
signalling. Finally, the work from the past decade and a half supports the hypothesis
that propofol acts at specific protein targets, most notably at the GABA , receptor.

44,10 PET and Ketamine

Ketamine is an older anaesthetic agent than propofol but is seldom used alone for
inducing or maintaining surgical anaesthesia because of a propensity to cause trou-
blesome psychiatric adverse effects. It remains interesting clinically and is being
used with increasing frequency as an adjunct during propofol anaesthesia. Known
and potential beneficial effects include improved cardiovascular stability, neuropro-
tection, reduced acute post-operative pain, potent antidepressant activity and attenu-
ation of post-operative hyperalgesia and chronic pain.

Ketamine is also of scientific interest because it acts as an antagonist at the
NMDA receptor and causes different neurophysiological changes to the other hyp-
notics. When used alone, it causes impaired consciousness but with cortical electri-
cal activation accompanied by increases in glucose metabolism (Vollenweider et al.
1997) and rCBF. The reasons behind these effects are not clear. The drug antago-
nizes an excitatory pathway, but presumably, this results in activation of other
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excitatory pathways. Impaired consciousness is probably the result of impaired con-
nectivity or communication between regions of the brain important for
consciousness.

Langsjo and colleagues studied the effects of sub-anaesthetic doses of racemic
ketamine on rCBF, regional oxygen metabolism (rCMRO,) and regional cerebral
blood volume (rCBV) using the PET tracers H,'°O, 130, and C 'O (Léngsjo et al.
2003). Ketamine caused global dose-dependent changes in absolute rCBF, with the
biggest changes in the anterior cingulate, insula and frontal cortex (areas involved
in pain processing) and also in the thalamus and putamen. As expected, mean sys-
temic arterial pressures were increased. There were no significant changes in
rCMRO,, and hence, the oxygen extraction fraction was reduced. rCBV was only
increased in the frontal cortex. Taken together, these findings were consistent with
known behavioural and electrophysiological changes seen with ketamine sedation
but did give rise to a suggestion of altered flow-metabolism coupling. The authors
performed a follow-up study, this time using "*FDG to assess regional changes in
glucose metabolism (rCMRG) associated with sub-sedative racemic ketamine doses
(at the highest dose used in the previous study) (Langsjo et al. 2004). Region of
interest analyses showed global absolute increases in rCMRG but with the greatest
changes in the thalamus and frontal and parietal cortex. Voxel-based analyses
showed increases in relative rCMRG in frontal, temporal and parietal cortices.
These changes occurred in a similar distribution and magnitude to the rCBF find-
ings of the previous study (Langsjo et al. 2003), suggesting maintenance of flow-
metabolism coupling. The authors suggested that the absence of TCMRO, changes
was the result of non-oxidative glucose metabolism in response to ketamine-induced
glutamate release. A recent study by Laaksonen and colleagues comparing the
effects of dexmedetomidine, propofol and S-ketamine also identified no significant
changes in rCMRG in the ketamine cohort (Laaksonen et al. 2018).

The Langsjo group also studied the effects of S-ketamine on cerebral blood flow
and metabolism, using a complex study design (Langsjé et al. 2005). H,'*O and O,
scans were performed during one session, at three moments: awake, during low-
dose sub-sedative S-ketamine administration and during much higher dose of
S-ketamine anaesthesia. "®FDG scans were performed 3 weeks before the main
study and finally also towards the end of the S-ketamine anaesthesia. The authors
found dose-dependent increases in total CBF and in absolute rCBF in almost all
regions studied. During low-dose S-ketamine administration, the greatest increases
were in the anterior cingulate, whereas at anaesthetic doses, the largest increase
(86.5%) was in the insula. At low doses, there were no significant increases in
rCMRO,, whereas at anaesthetic doses, TCMRO, was increased only in the frontal
cortex (by 15.7%). During anaesthesia, TCMRG was only increased in the thalamus,
and CBV was increased >50%. These findings show that CBF is increased in excess
of metabolic needs, suggesting a disturbance of flow-metabolism coupling. While
the excess flow may be perceived to be protective, these findings confirmed the
long-held views of anaesthesiologists (based on the work of others using different
methodologies) that ketamine is not a suitable agent for use during neurosurgery,
where the increases in CBF and CBV can cause increased brain volume, increased
intracranial pressure and impaired surgical access.
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Finally, the same group studied the influence of sub-anaesthetic doses of ket-
amine on ''C-flumazenil binding (Salmi et al. 2005). They showed no interference
in binding, thereby confirming that ketamine has minimal effects on the GABA,
receptor.

The antidepressant effect of ketamine has also been explored using PET scan-
ning in recent years. Using [''C]DASB PET in healthy volunteers, it was demon-
strated that the antidepressant effect was not mediated by ketamine binding to the
serotonin transporter (Spies et al. 2018). More recently, the radiotracer '*F-FPEB
was used to establish that ketamine leads to a downregulation of the metabotropic
glutamate receptor 5 (mGIuRS) (Holmes et al. 2019). These two studies highlight
how PET imaging can be used to probe existing (serotonin reuptake) and novel
(mGluRS) treatment targets for psychiatric disorders.

44.11 PET and Alpha2 Agonists

PET technology has only been used a few times to study the alpha2 agonists, among
which clonidine and dexmedetomidine are the two agents available for clinical use.
Although clonidine has been available for a long time, it has mainly been used intra-
venously for its antihypertensive effects. More recently, it has been used as a preop-
erative oral sedative premedication and perioperatively as an intravenous analgesic
adjunct. Dexmedetomidine has been in use for almost 20 years in the USA. Initially,
it was mostly used for ICU sedation; more recently, it has been used as a sedative
during surgical procedures such as awake craniotomy. It was first registered in
Europe in late 2011.

Prielipp used H,"%O scans to assess the changes in rCBF during and after low and
high sedative dose infusions of dexmedetomidine. The agent caused marked reduc-
tions in global CBF and also reductions in absolute rCBF in 13 out of 14 regions of
interest studied. There were no significant differences in patterns of rCBF between
low and high sedative doses. Despite the rapid pharmacokinetics of dexmedetomi-
dine, CBF remained decreased when assessed 30 min after the end of the dexme-
detomidine infusion (Prielipp et al. 2002). This reduction of CBF in the absence of
concomitant reduction in CMRO, raised concerns about the potential for cerebral
ischaemia with dexmedetomidine. More recently however, the abovementioned
comparative study by Laaksonen et al. revealed that volunteers sedated with dexme-
detomidine showed the lowest TCMRG in almost all brain regions compared to
other anaesthetics (Fig. 44.3).

More recent reports have studied healthy volunteers sedated with dexmedetomi-
dine in an attempt to explore disruptions in brain functional connectivity with com-
bined PET-fMRI studies. Unconsciousness was associated with reduced regional
blood flow and CMRG in the thalamus, the default mode network (DMN) and the
bilateral frontoparietal networks (FPNs) (Akeju et al. 2014). Importantly, functional
connectivity within these networks was preserved, while internetwork connectivity
was disrupted. As reported above, recovery from unconsciousness was associated
with sustained reduction in CBF and restored DMN thalamocortical functional con-
nectivity. Other studies have identified greater functional connectivity between the
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parietal and anterior cingulate cortex upon emergence from anaesthesia, prompting
suggestions of a functional network that activates with restored consciousness
(Langsjo et al. 2012).

Another group studied the influence of clonidine infusions on rCBF (assessed by
H,"O PET), clinical status and EEG (Bonhomme et al. 2008). Clonidine caused
rousable sedation and on the EEG spindle patterns similar to those found during
non-rapid eye movement sleep. There was a negative correlation between measured
plasma clonidine concentration and rCBF in a network of regions including the
thalamus, prefrontal cortex, orbital and parietal association cortex, posterior cingu-
late cortex and precuneus. Changes in these regions are associated with natural
sleep. These regions also form part of the default mode network, whose component
areas show strong correlations in activity (assessed by fMRI) during the resting
state, but not during task performance conditions (Mason et al. 2007; Stamatakis
et al. 2010).

44.12 PET and Volatile Anaesthetic Agents

Volatile anaesthetic agents have been the subject of many PET studies. These have
mainly focused on the neurophysiological changes in flow and metabolism and have
shown generally concordant findings, with only minor variations between studies,
possibly related to differences in dose. Minor variations were found according to
drug, despite some chemical differences between the agents studied, such as struc-
ture, molecular weight, degree of halogenations and water and lipid solubility.
Halothane is a halogenated hydrocarbon that is now seldom used in the First World.
Isoflurane, sevoflurane and desflurane are halogenated ethers. The latter two agents
are the most commonly used inhalational anaesthetic agents, although there are few
PET studies involving desflurane.

The early work by Alkire, showing that isoflurane anaesthesia caused a 46%
reduction in rTCMRG with fairly uniform regional distribution, has already been
mentioned (Alkire et al. 1997). Alkire then studied the effects of halothane on
rCMRG, since this agent had been shown in earlier studies to cause less uniform
rCMRG reductions (Alkire et al. 1999). Halothane anaesthesia was found to cause
a40% reduction in global TCMRG, but in keeping with the prior animal work, there
were some regional differences, with the greater metabolic reductions being found
in the basal forebrain, thalamus, limbic system, cerebellum and occipital cortex.

In the above studies, halothane and isoflurane were administered until an end
point of loss of consciousness (the mean concentrations administered were 30% and
60% less than the concentrations required to prevent a response to a surgical inci-
sion—the so-called MAC value, a measure of potency). Kaisti studied the effects of
surgical levels of sevoflurane anaesthesia—at concentrations that were 1.0, 1.5 and
2.0 multiples of the MAC value—on rCBF using H,'’O (Kaisti et al. 2002). At 1.0
MAC, sevoflurane caused global decreases in absolute rCBF (regional decreases
were between 36% and 53% of baseline). Increasing doses caused a redistribution
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of flow, with increases in rCBF in the thalamus and cerebellum, suggesting a distur-
bance of flow-metabolism coupling.

In a follow-up study, using H,'*0, 30, and C O to study rCBF, rtCMRO, and
CBY, respectively, Kaisti titrated sevoflurane and propofol anaesthesia (with and
without N,O) to a moderate depth of anaesthesia, guided by the BIS (Kaisti et al.
2003). Sevoflurane concentrations were thus lower than in the previous
study—0.75 x MAC without N,O and 0.6 MAC with 70% N,O. Sevoflurane with-
out N,O reduced the total CBF but only caused rCBF decreases in some areas (the
occipital cortex, cerebellum, caudate and thalamus). The most significant changes
in relative rCBF were in the thalamus, cuneus, frontoparietal cortex and cerebellum.
Addition of N,O caused a global return to baseline rCBF values, with the most sig-
nificant relative rCBF increases in the occipital cortex and pons. With regard to
CMRO:,, sevoflurane caused a global reduction, with absolute decreases in TCMRO,
in all areas studied. The greatest reductions in relative rCMRO, were in the thala-
mus, cuneus, frontoparietal cortex and cerebellum. Addition of N,O increased
rCMRO; in the parieto-occipital region and cerebellum, but not quite to baseline/
awake levels. At the doses studied, sevoflurane with and without N,O did not alter
rCBV. It was associated with a tendency towards reduced oxygen extraction frac-
tion, more marked in the presence of N,O, indicating that metabolism was more
suppressed than flow, suggesting a degree of disturbed flow-metabolism coupling.

The above findings were generally confirmed by Schlunzen et al., although some
increases in rCBF were found at lower doses (Schlunzen et al. 2004). The study
involved use of H,"O to study changes in rCBF associated with sub-anaesthetic to
anaesthetic doses of sevoflurane (0.2, 0.35 and 1.0 MAC multiples). At all doses,
sevoflurane increased rCBF in the anterior cingulate and decreased rCBF in the
cerebellum. Compared with the baseline state, 0.2 MAC sevoflurane decreased
rCBF in the inferior temporal cortex and lingual gyrus. 0.35 MAC increased rCBF
in the middle temporal cortex and lingual gyrus while decreasing rCBF in the thala-
mus. The latter finding is unsurprising given that some volunteers displayed no
response to a verbal stimulus, whereas other showed only sluggish responses.
Finally, compared with 0.35 MAC, 1 MAC increased rCBF in the insula and
decreased rCBF in the posterior cingulated, lingual gyrus, precuneus and frontal
cortex. Similar patterns of changes were found in subsequent study, using similar
methodology and equipotent isoflurane doses (Schlunzen et al. 2006).

When administering anaesthesia to patients with raised intracranial pressure who
require surgical excision of space-occupying lesions, anaesthesiologists often
employ a degree of hyperventilation in order to reduce CBF and intracranial pres-
sure. Schlunzen thus studied the influence of hyperventilation on rCBF in volun-
teers subjected to surgical levels of sevoflurane anaesthesia (1 MAC) (Schlunzen
et al. 2010). A reduction of the mean PaCO, from 5.5 to 3.8 kPa reduced the total
CBF by 44%. The largest reductions in rCBF were found in the thalamus, medial
occipitotemporal gyrus, cerebellum, precuneus, putamen and insula. This work
clearly showed that under surgical levels of sevoflurane anaesthesia, CO, reactivity
is maintained, with stronger responses in some areas than others.
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Finally, this group also studied the effects of surgical levels of sevoflurane anaes-
thesia (1 MAC) on rtCMRO, (Schlunzen et al. 2010). Total CMRG was reduced by
56%, and absolute rTCMRG was decreased in all areas studied. The most significant
relative rCMRG decreases were found in the lingual gyrus, occipital lobe and
thalamus.

A few studies have addressed the molecular biology of the volatile agents.
Among five subjects subjected to isoflurane anaesthesia, Alkire showed that the
regional distribution of changes in rCBF correlated best with ex vivo-demonstrated
muscarinic acetylcholine binding density, suggesting that the molecular action of
isoflurane may involve antagonism of central acetylcholine pathways (Alkire and
Haier 2001). On the other hand, Salmi showed that sevoflurane increased the distri-
bution volume of "C-flumazenil in all areas studied (except pons and white matter),
suggesting the involvement of GABA, receptors in the mechanism of action of
sevoflurane (Salmi et al. 2004). This was concordant with a previous study of iso-
flurane, which showed a dose-dependent increase in distribution volume of
UC-flumazenil (Gyulai et al. 2001).

Alkire and colleagues used PET to study the effects of sevoflurane at a higher
system level (Alkire et al. 2008a). In the first step, they determined that exposure to
low doses of sevoflurane—0.1% and 0.2% (0.05 and 0.1 MAC, respectively)—pro-
vided a subsequent mnemonic boost for emotional arousal but not neutral stimuli,
presented during the sevoflurane exposure. This mnemonic boost was absent in vol-
unteers administered with 0.25% sevoflurane. In the second step, !FDG PET was
used to assess regional changes in glucose metabolism associated with 0.25% sevo-
flurane. Using structural equation modelling, they demonstrated that this dose
blocked emotional memory by interfering with the amygdala to hippocampal
connectivity.

44.13 PET and Nitrous Oxide

Nitrous oxide used to be commonly administered concomitantly with volatile
anaesthetics. Although this practice is common, it is declining in frequency as envi-
ronmental concerns have resulted in some departments no longer having inbuilt
nitrous oxide supplies. On its own, the gas is a weak anaesthetic (administration of
a partial pressure > 1 atm is required for general anaesthesia) but a reasonably strong
analgesic, thanks to the fact that the drug acts as an antagonist at the NDMA
receptor.

Few studies have used PET to study the neurophysiological changes associated
with administration of nitrous oxide. Reinstrup used '**Xe SPECT to study CBF
changes associated with inhalation of 50% N,O (Reinstrup et al. 1994). They found
global increases in CBF, which were fairly uniform during normocapnia, although
it remains possible that these changes were partly the result of Xe administration. It
was also unclear whether these changes were the result of direct cerebral vasodilata-
tion or from increases in metabolism. Later, the same group used 'SFDG to study
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changes in glucose metabolism (Reinstrup et al. 2008). Inhalation of 50% nitrous
oxide did not change global rCMRG, but did change the relative distribution of
glucose metabolism, with 14% and 22% increases in the basal ganglia and thala-
mus, respectively.

In a study focused on sevoflurane and propofol, Kaisti and colleagues studied the
effects of adjunct administration of 70% N,O and found that N,O counteracted
some of the rTCMRO, and rCBF reductions seen when propofol or sevoflurane was
used alone (Kaisti et al. 2003). The findings all corroborated the findings of previ-
ous animal and human studies, in which other methods were used to study the cere-
bral blood flow and metabolic responses to N,O.

44.14 PET and Xenon

Xenon is a rare (and expensive) noble gas and also a weak anaesthetic. Exposure to
a 70% Xe will prevent purposeful movements in response to a surgical stimulus in
50% of volunteers (for comparison, the MAC of sevoflurane is 2.0%). The molecule
is interesting because, like N,O, it is also an NMDA antagonist, and it is probably
for this reason that it may be neuroprotective.

PET studies of changes in rCBF have shown that in contrast to ketamine (also an
NMDA antagonist), anaesthetic concentrations of Xe cause widespread decreases
in rCBF, mostly marked in the cerebellum, thalamus and parietal cortex (Laitio
et al. 2007). Findings for changes in rTCMRG induced by Xe anaesthesia were also
contrary to expectations, based on findings for N,O and ketamine. Rex and col-
leagues found that Xe reduced total CMRG by 26% and decreased rCMRG in all
areas studied (Rex et al. 2006). In a subsequent study, this group measured changes
in rCBF associated with Xe anaesthesia, using H,'>O PET (Rex et al. 2008). Relative
decreases in several cortical, subcortical and cerebellar areas were shown, with rela-
tive increases in white matter. These findings matched well with the previous pat-
tern of findings with regard to rCBF, suggesting that flow-metabolism coupling is
maintained with Xe.

Laitio and colleagues used *FDG and O PET to study combined changes in
rCMRG and rCBF associated with 67% Xe (Laitio et al. 2009). While the patterns
of changes were broadly similar to those of Rex and colleagues, they found that the
decreases in metabolism exceeded those of blood flow. When they calculated the
rCBF/rCMRG ratio, they found that this was particularly increased in the insula,
anterior and posterior cingulated and somatosensory cortex.

Although the patterns of changes in blood flow and metabolism are not too dis-
similar to those found with the volatile anaesthetic agents, Xe does not influence
"'C-flumazenil binding, suggesting that the molecular mechanism of action of Xe
does not involve an effect on the GABA, receptor (Salmi et al. 2008).
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44.15 Summary and Conclusion

Early studies on the regional distribution of changes in cerebral metabolism associ-
ated with anaesthetic doses of isoflurane seemed to suggest uniform changes in
keeping with a unitary hypothesis of a non-specific, physical molecular mechanism
of action of the anaesthetic drugs. A limited number of studies have specifically
studied the molecular mechanisms and site of action of the anaesthetic agents. In
general, these studies have confirmed the findings of laboratory work using molecu-
lar biology techniques.

More recent PET studies have shown that the anaesthetic agents cause regionally
specific effects on metabolism and flow and that these are probably the result of
regionally specific distributions of neuronal GABA,, NMDA and muscarinic ACh
receptors. Most groups report global CBF and metabolic rate findings, absolute
changes in rCBF and rCMRG or rCMRO, and then also changes in relative rCBF
and rCMRG or rtCMRO,. The assumption inherent in the latter approach is that the
greatest relative changes will happen in the regions where key anaesthetic effects
are mediated. Different anaesthetic agents cause slightly different patterns of
regional effects, but all cause an alteration in flow and/or metabolism in the thala-
mus. Anaesthetic-induced loss of consciousness appears to be associated with a
significant reduction in blood flow and metabolism in the thalamus. While some
investigators argue that this provides evidence that the thalamus is a key site of
action of these agents (Alkire et al. 2000), caution is required, since these reductions
in blood flow and metabolism may be the result of reduced cortical activity and thus
reduced cortical input to the thalamus. EEG and electrocorticography studies sug-
gest that the primary effect of anaesthetic agents is at the cortex, rather than at
subcortical structures (Velly et al. 2007). EEG and fMRI studies provide contradic-
tory evidence, with some suggesting that thalamocortical connectivity is maintained
despite loss of consciousness (Boveroux et al. 2010; Boly et al. 2012), and others
that preserved thalamocortical connectivity are a necessary prerequisite for con-
sciousness (Barttfeld et al. 2015; Malekmohammadi et al. 2019).

Generally, the findings from PET studies of regional changes in blood flow and
metabolism are in keeping with the known molecular sites of action. Xenon is one
exception, since it has the same site of action as nitrous oxide and ketamine (NMDA
receptor) yet has regional effects on blood flow and metabolism similar to those
caused by the volatile anaesthetic agents (whose effects are mediated by action at
GABA, and muscarinic Ach receptors and possibly also at K channels).

Much work remains to be done to understand how these molecular effects result
in regional changes in activity and connectivity and changes in communication
among distributed areas and how each of changes mediates alterations in
consciousness.
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