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Abstract

Despite major advancements in consciousness science over the past few
decades, how anaesthesia causes loss of consciousness remains incompletely
understood and the translation from basic science to clinical practice has been
limited. Recent concurrent electroencephalography (EEG) and functional magnetic
resonance imaging (FMRI) evidence indicates that a state of complete perception
loss is achieved under general anaesthesia when slow wave activity in the brain
reaches saturation. Slow wave activity saturation (SWAS) is therefore a potentially

clinically relevant end point for titration of anaesthesia.

We have developed a prototype system for titrating anaesthesia to SWAS within
an individual. The system features EEG and anaesthesia data input, modelling of
slow wave power and detection of SWAS, and visualisation of the model output in
a graphical user interface. The prototype system was applied in a patient pre-
surgery study (Study 1) which focused on clinical translation of SWAS, and a
healthy volunteer EEG-MRI study (Study 2) which focused on experimental

validation of SWAS.

We successfully applied the prototype SWAS system in twelve patients (Study 1)
and twenty-three healthy volunteers (Study 2). No subjects in either Study 1 or
Study 2 were behaviourally responsive when held at SWAS and none had recall of

events from when they were held at SWAS.



In Study 2, we also acquired measures of cerebral blood flow (CBF), and resting
and task-related FMRI data during wakefulness and when held at SWAS. When
held at the SWAS state, CBF was significantly elevated compared to wakefulness.
Furthermore, we found that the brain was unresponsive to external stimulation
when held at SWAS even when controlling for the observed CBF changes. Finally,
we found that this was accompanied by disruption of functional connectivity in the
thalamocortical system and in known resting state networks. Our findings provide
further evidence that SWAS is a state of perception loss and a clinically relevant

target for surgical anaesthesia.
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1 Introduction

Consciousness is intimately familiar to everyone, yet simultaneously it is a
mysterious phenomenon that has eluded scientific explanation. How physical
matter can give rise to rich, subjective experience has intrigued philosophers and
scientists for centuries. However, it is only in the past few decades that a science

of consciousness has emerged (Mashour & Hudetz, 2018; Seth, 2010).

This modern scientific pursuit of consciousness has yielded a common framework
for approaching the problem of objectively studying this inherently subjective
phenomenon. A distinction now exists between the so-called “hard problems” of
why and how conscious experience can arise from physical matter and the “easy
problems” that can be approached using conventional neuroscientific research
methods where phenomena can be explained through computational or neural
mechanisms (Chalmers, 1995). The hard problems remain elusive, but much

progress has been made in addressing a range of “easy” problems.

Over the past thirty years, formal theories of consciousness have been formulated
in an effort to the provide frameworks for investigating consciousness and
generate testable hypotheses. Two leading theories of consciousness are
Integrated Information Theory (IIT) (Tononi, 2004, 2012; Tononi et al., 2016) and
the Global Workspace Hypothesis (GWH) (Baars, 1997, 2005). The IIT takes

phenomenological subjective experience as a starting point to propose a set of



axioms that testable hypotheses about consciousness can be derived from. In
contrast, the GWH frames consciousness in terms of a cognitive architecture
comprised of a set of parallel, specialised processes or resources (e.g., sensory
processes, memories, etc.) that are unconscious unless and until they are

integrated in working memory.

1.1 Current clinical practice

The science of consciousness has important implications for humane care in
modern medicine. Whether preventing the agony of surgery or optimising care for
disorders of consciousness patients, the patient’s subjective phenomenological
experience is a vitally important factor that remains exceedingly difficult to
measure. Despite the progress that has been made in the scientific understanding
of consciousness, the translation of our improved understanding to clinical practice

has been slow.

As hundreds of thousands of anaesthetics are administered worldwide each day
(Pandit et al., 2014), consciousness science has wide-ranging potential to inform
and improve care. Surgical anaesthesia aims to achieve three main goals, often
called the triad of anaesthesia, which are the prevention of awareness, prevention
of pain, and prevention of voluntary and reflexive movement (Rees & Gray, 1950).
These goals are achieved through the administration of a hypnotic agent, an

analgesic agent, and muscle relaxants, respectively.

There is considerable heterogeneity in modern anaesthetic practice, with

procedures varying between patient characteristics, types of surgeries, individual
2



hospital policies, and anaesthetist preferences. In general, clinical anaesthesia
goes through three phases: induction, maintenance, and recovery. During
induction, the patient is rendered unconscious by the anaesthetic drug and
prepared for the surgery, including the management of airways. Anaesthetic
maintenance refers to the ongoing management of the anaesthetic agent during
the surgical procedures. Finally, recovery refers to the process of halting the

anaesthetic delivery and allowing the patient to wake after the end of surgery.

Despite the brain being the site of consciousness, only a small minority of
surgeries are performed with any type of brain-based monitoring. In the United
Kingdom, brain-based depth of anaesthesia monitors were only used in 2.8% of
general anaesthetics (Pandit et al., 2014). Instead, the majority of surgeries rely on
drug dosing based on population-calibrated dose-response models and monitoring

of non-brain vital signs to prevent awareness.

Under-dosing of anaesthesia can result in the patient not being rendered fully
unaware of the surgical procedures, including perceiving painful surgical
stimulation. Accidental intra-operative awareness is very likely to result in long-
term psychological disorder such as post-traumatic stress disorder (Leslie, Chan,
et al., 2010). Anaesthetists commonly administer elevated anaesthetic doses to
ensure loss of awareness, and consequently the incidences of intra-operative
awareness with recall are relatively low. However, there has been increased
acknowledgement of the risks of adverse effects associated with over-

anaesthesia, particularly in vulnerable patient groups such as neonates and



elderly (Leslie, Myles, et al., 2010; Monk et al., 2005; Sessler et al., 2012). These
include elevated risk of prolonged recovery, post-operative delirium in the
immediate post-operative recovery period, and long-term effects on cognitive

abilities.

1.2 Pharmacological properties of anaesthesia

Remarkably, general anaesthesia can be achieved with a wide range of
pharmacological agents that vary considerably in their molecular properties and
how they interact with the brain. On the molecular level, anaesthetic agents can be
classified according to which receptors they bind to in the brain (Franks, 2008).
Broadly speaking, there are two receptor sites that most commonly used
anaesthetic agents have affinity for: y-aminobutyric acid type A (GABAA) and N-
methyl-D-aspartate (NMDA) receptors. GABAa-ergic anaesthetic agents include
propofol and the ether-derivatives sevoflurane, isoflurane, and desflurane (Garcia
et al., 2010). Ketamine, nitrous oxide, and xenon are NMDA antagonists (Franks
et al., 1998; Jevtovic-Todorovi¢ et al., 1998; MacDonald et al., 1987). There are
also examples of hypnotic agents outside these two groups, for example the a2-

adrenergic receptor agonist dexmedetomidine (Bloor et al., 1992).

Another property by which anaesthetic agents are categorised according to is their
mode of delivery. For example, whether the agent is delivered intravenously or
vaporized into an inhaled gas mixture. Intravenous hypnotic agents include
propofol, dexmedetomidine, and ketamine. Inhalational anaesthetics, also known

as volatile anaesthetics, include sevoflurane, isoflurane, and desflurane, nitrous



oxide, and xenon. In clinical practice, it is common to use an intravenous agent for
the induction phase and use a volatile anaesthetic for anaesthetic maintenance.
Using an intravenous anaesthetic for both induction and maintenance, a practice
known as total intravenous anaesthesia (TIVA) is also frequently used. Finally,
anaesthetic induction with volatile agents can be performed, although patient

tolerance of the anaesthetic can vary.

Considerable and important research on the pharmacological properties of
different anaesthetic agents has been performed over the past several decades,
demonstrating the existence of multiple modes of anaesthetic action (Franks,
2008). This has enabled the development of novel anaesthetic agents that are
suitable for different clinical purposes and contribute to the relative safety of
modern surgical anaesthesia (Brown et al., 2018). However, this general line of
research has not alone been able to explain how such a diverse group of
pharmacological agents have the common effect of disrupting connected

consciousness (Brown et al., 2011; Mashour & Hudetz, 2018).

1.3 Spectral changes during general anaesthesia

More recently, the focus has shifted to electrophysiological and neuroimaging
approaches to investigate anaesthetic action on large-scale brain networks
(Mashour & Hudetz, 2018). The brain transfers information via electrical signals
that, on aggregate, are detectable non-invasively on the scalp using
electroencephalography (EEG). During induction to general anaesthesia, neuronal

firing patterns are profoundly altered compared to wakefulness (Purdon, Sampson,



et al., 2015). The spectral characteristics of anaesthetic agents commonly used in
clinical anaesthesia have been well described in several studies. During induction
to propofol anaesthesia, the spectral content changes in multiple frequency bands,
including increases in power in the beta (15-30Hz), theta (4-8Hz), and gamma
(>30Hz) bands, whereas at higher doses the most dominant increases in power
are in the alpha (8-15Hz) and slow wave (0.5-1.5Hz) frequency bands
(Mhuircheartaigh et al., 2013; Purdon et al., 2013; Purdon, Sampson, et al., 2015).
Sevoflurane anaesthesia is characterised by decreases in beta and gamma bands
and increases in slow and alpha bands, with increasing theta activity at high doses
(Akeju et al., 2014; Purdon, Sampson, et al., 2015). Isoflurane and desflurane
have been found to have similar spectral characteristics as sevoflurane (Purdon,
Sampson, et al., 2015). Finally, dexmedetomidine is characterised by activity in

the slow wave and alpha frequencies (Purdon, Sampson, et al., 2015).

Several anaesthetic agents, including propofol, sevoflurane, and
dexmedetomidine, have been found to cause short bursts (1-2 seconds) of
oscillations in a narrow frequency range in the alpha band (Akeju et al., 2014,
Huupponen et al., 2008). These are sometimes called spindles due to their
similarity to alpha spindles commonly observed in EEG of sleep (Sleigh et al.,

2011).

Among the most consistent spectral change observed across most anaesthetic
agents is a strong increase in the slow wave (0.5-1.5Hz) frequency band at

clinically relevant concentrations. This observation has received considerable



research attention because slow waves are a common feature of a range of states
of unconsciousness, including slow wave sleep (Brown et al., 2010; Franks, 2008;
Murphy et al., 2011) and disorders of consciousness (Husain, 2006; Kaplan, 2004;

Sutter & Kaplan, 2012).

The neurophysiological generators of slow waves have been well characterised on
the single neuron level. Under general anaesthesia, thalamic and cortical neurons
oscillate between an “on state” of neuronal activity and an “off state” of neuronal
silence at a rate of approximately 1 Hz (Steriade, Nufiez, et al., 1993). Slow waves
can persist after thalamic and callosal lesions (Steriade, Nuiiez, et al., 1993), be
expressed in deafferented cortical slabs (Timofeev et al., 2000), and in in vitro
cortical slice preparations (Sanchez-Vives & McCormick, 2000), suggesting that
the slow waves can be generated in the cortex without sub-cortical input.
However, in vivo the thalamus likely plays an important role in the slow oscillation,
particularly in initiating up states and determining the oscillatory period (Neske,
2016). Crucially, slow waves measured on the scalp represent large neuronal
populations synchronously oscillating between the on and off states. Slow waves
have been found to propagate across the cortex, most prominently in an anterior

to posterior direction (Massimini et al., 2004).

A common feature of both the IIT and the GWH is that they predict that
unconscious states are characterised by low levels of integration of neuronal
signals from different cortical regions (Baars, 2005; Tononi et al., 2016). Slow

waves provide a potential mechanistic explanation for how such disruption of



integration could occur under general anaesthesia. If consciousness is supported
by the propagation of complex neuronal signals in diverse networks of brain
regions, the neuronal silence during the “off state” of the slow oscillation might

prevent this propagation from occurring (Pigorini et al., 2015).

1.4 Slow wave activity saturation

Previously, using an ultra-slow induction to propofol anaesthesia (48 min duration),
our lab discovered that the increase in slow wave power reached saturation prior
to peak anaesthetic dose (Mhuircheartaigh et al., 2013). Importantly, this slow
wave activity saturation (SWAS) occurred at higher propofol concentrations than
loss of responsiveness. Moreover, they found that slow wave power at SWAS was
correlated with frontal grey matter volume. This indicates that with increasing dose
of anaesthesia, there is an increased recruitment of cortical neurons to the slow
oscillation. This further implies that the maximal recruitment of cortical neurons
occurs at SWAS, and any further anaesthesia delivered past this point has no

additional benefit.

Simultaneous EEG and functional magnetic imaging (FMRI) recordings revealed
that, while reduced, pain- and auditory-evoked responses in primary sensory
cortices and the thalamus persisted past loss of responsiveness. At propofol
concentrations at and in excess of SWAS, however, stimulus-evoked brain
activation in primary sensory and thalamic regions was significantly reduced. This
was argued to indicate that the thalamocortical system had become isolated from

external sensory stimulation at SWAS and that SWAS might be a state of



perception loss under general anaesthesia. Importantly, stimulus-evoked
activation persisted in a set of cortical regions including in the precuneus, parietal,
and prefrontal regions. Mhuircheartaigh et al., (2013) suggested this might
represent a basic mode of brain funcitoning and indicate that SWAS is a state of

perception loss under general anaesthesia.

While conscious processing of sensory information may be disrupted in the SWAS
state, this does not necessarily preclude unconscious processing that may have
lasting effects after return to consciousness. Pain chronification is known to be
affected by both peripheral sensitisation, i.e., increased sensitivity of nociceptive
primary sensory neuros, and central sensitisation, i.e., increased sensitivity to pain
in the central nervous system (Pak et al., 2018; Woolf & Chong, 1993). It is
possible that unconscious nociceptive and pain processing in peripheral nerves
and the central nervous system during surgical procedures is related to the
development of post-operative pain chronification through peripheral and central
sensitisation (Pak et al., 2018). Therefore, if SWAS indeed is a state of complete
loss of conscious perception of external stimulation, co-administration of

analgesics will nevertheless remain a vital component of the anaesthetic care.

1.5 Clinical translation of SWAS

In order for SWAS to be a viable endpoint for clinical anaesthesia, it must occur
and be detectable in less controlled clinical environments. Since its initial
discovery, SWAS has been parameterised by fitting a parametric sigmoid curve to

single-channel slow wave power (in EEG recorded during anaesthetic induction)



as a function of anaesthetic concentration (Warnaby et al., 2017). SWAS was
formally defined as the slow wave power (Pswas) and anaesthetic concentration
(Cswas) that corresponded to 95% of the posterior distribution of slow wave activity
around the slow wave plateau. The formal mathematical definition is discussed in
more detail in Chapter 2 (Section 2.2.2.3). Applying this post-hoc model, SWAS
has been identified in both propofol and sevoflurane anaesthesia, and during
induction and emergence. SWAS was identified in 92% of 393 individual EEG
datasets from both experimental and clinical inductions to anaesthesia. Failed fits
were primarily attributable to artefacts, as some individuals who did not receive a
sufficiently high dose to achieve SWAS. Importantly, these datasets were not
acquired for the purpose of modelling SWAS. The high success rate yields
considerable confidence that SWAS can be reliably detected even in datasets

acquired in noisy, clinical environments.

Importantly, SWAS was also identified in the clinical anaesthesia datasets where
co-induction agents including opioids and neuromuscular blockers were used.
Interestingly, co-administration of opioids potentiated the anaesthetic action and
reduced the concentration of the anaesthetic agent required to achieve SWAS,
without affecting the slow wave power at SWAS. Meanwhile, presence of
neuromuscular blockers did not affect either the concentration required to achieve
SWAS or the slow wave power at SWAS. This indicates that SWAS as a clinical
target for anaesthesia titration is robust to interactions with other drugs forming the

triad of anaesthesia.
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These foundational studies of SWAS indicate that SWAS has great potential, both
as a phenomenon that can help expand our understanding of anaesthesia-induced
loss of consciousness and as a clinical target for titration of anaesthesia.
Nevertheless, key challenges and questions remain to be addressed regarding
SWAS. First and foremost, as previous investigations of SWAS did not target the
SWAS state specifically, it is currently unknown whether it is feasible to titrate
anaesthesia to the SWAS end point. Furthermore, is remains an open question
whether the thalamocortical isolation observed at propofol concentrations at and in
excess of SWAS can be demonstrated in individuals held at the SWAS endpoint,
and whether this holds true for other anaesthetic agents. The primary aim of this
thesis is therefore to expand on the foundational investigations of SWAS with a
view of improving our understanding of anaesthesia-induced loss of
consciousness and moving towards the clinical translation of SWAS to optimise

anaesthetic dosing.

1.6 Overview of chapters

In order to investigate the SWAS brain state, it is crucial to be able to titrate
anaesthesia for a particular individual to their SWAS end point. In Chapter 2, |
describe the design and development of such a prototype system for titrating

anaesthesia to the SWAS endpoint in an individual.

In Chapter 3, | describe the application of the SWAS prototype system in a pre-
surgery study in a patient population, and a laboratory EEG-MRI study in healthy

volunteers. The pre-surgery study was more focused on the clinical translation of
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the prototype SWAS depth of anaesthesia monitor. It also allowed a number of
practical teething problems to be solved before the prototype system was applied
in the EEG-MRI study in healthy volunteers. The latter study allowed a more
thorough investigation of the SWAS endpoint using multiple MRI modalities,
including arterial spin labelling (ASL) and FMRI acquired during rest and task

activity. These will be discussed in subsequent chapters.

Anaesthetic agents are known to influence cerebral blood flow (CBF), but this is
rarely measured and incorporated in FMRI studies of anaesthetic effects on
neuronal processes. This is problematic because the FMRI signal is derived from
changes in blood oxygenation, and therefore effects of the anaesthetic agent on
CBF could confound FMRI analyses. As part of the neuroimaging acquisitions in
Study 2, we measured CBF when subjects were awake breathing room air,
breathing oxygen, and when anaesthetised and held at the SWAS end point. The
results from statistically comparing CBF in each condition are reported in Chapter

4.

A primary goal of surgical anaesthesia is rendering patients unaware of the
surgical stimulation and the external world more generally. It is therefore crucial for
the clinical usefulness of SWAS to demonstrate that individuals held at the SWAS
end point are disconnected from the external world. In Chapter 5, | will report
analyses of pain and auditory-evoked brain responses at SWAS and discuss the

implications for SWAS as a state of perception loss under general anaesthesia.
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Leading theories of consciousness suggest that consciousness may be supported
by interconnected brain networks including the thalamocortical system and large-
scale cortical networks. In Chapter 6, | will report analyses of functional
connectivity within the thalamocortical system and known cortical networks from

resting state FMRI data acquired when subjects were awake and held at SWAS.

In the final chapter, the results from the preceding chapters are considered as a
whole in the context of current literature on anaesthesia-induced
unconsciousness, as well as overarching theories of consciousness. The

implication of the results for clinical anaesthesia are discussed.
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2 Development of the prototype SWAS system

2.1 Introduction

EEG-based depth of anaesthesia monitoring is only used in about 2.8% of general
anaesthetics delivered in the UK (Pandit et al., 2014). There are several
commercially available EEG based depth of anaesthesia monitors, including
Bispectral Index (BIS; Covidien, Mansfield, MA, USA), E-Entropy module (GE
Healthcare, Medical Diagnostics, Amersham, UK), NeuroSENSE (NeuroWave
B.V., Amsterdam, The Netherlands), and Narcotrend monitor (MonitorTechnik,
Bad Bramstedt, Germany). While the specifics of how each system operates
varies considerably, all of these systems attempt to quantify depth of anaesthesia
using quantitative EEG measures that identify reductions in the power of high
frequency oscillations and increases in the power of lower frequencies (Voss &
Sleigh, 2007). These systems typically quantify anaesthetic depth on a numerical
scale (BIS, E-Entropy, and NeuroSENSE) or in stages (Narcotrend), with a
recommended range of values or stages to ensure loss of awareness during
general anaesthesia. For instance, the BIS ranges from 100, indicating
wakefulness, to 0, indicating absence of brain activity, with a recommended range
of 40 to 60 for surgery (Avidan et al., 2011; Myles et al., 2004). However,
systematic reviews indicate that current brain-based monitoring systems are no
more effective in preventing accidental awareness than conventional vital signs
monitoring (Ag et al., 2016; Shepherd et al., 2013). Moreover, current depth of

anaesthesia monitors rely on population-based calibration as opposed to
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individualised measures (Rampil, 1998), which inherently introduces some error

when they are applied to individual patients.

By contrast, as introduced in Chapter 1 (Section 1.4), early evidence indicates that
SWAS has direct neurophysiological underpinnings and can be identified within an
individual without reliance on population-calibration. Therefore, SWAS is
potentially an individualised measure of depth of anaesthesia (Mhuircheartaigh et
al., 2013; Warnaby et al., 2017). Several factors suggest that SWAS is a viable
clinical target for titration of anaesthesia. SWAS has been identified for several
intravenous and volatile anaesthetic agents (Warnaby et al., 2017). Moreover,
SWAS has been identified in data recorded during routine clinical anaesthesia in
the presence of co-administered opioids and neuromuscular blockers (Warnaby et

al., 2017).

Beyond clinical applications, SWAS also has promise as a target for titration of
anaesthesia in research. Many studies target a pre-defined concentration of
anaesthesia that is the same for all participants (e.g. Huang et al., 2016;
Mhuircheartaigh et al., 2013; Palanca et al., 2015). However, since susceptibility to
anaesthesia differs considerably between individuals, this approach inevitably
leads to different participants being taken to different brain states under general
anaesthesia. Other studies on anaesthesia rely on loss of a behavioural marker
such as loss of responsiveness (e.g. Blain-Moraes et al., 2015; Huang et al., 2018;
Jordan et al., 2013). While this approach does target a common brain state, loss of

responsiveness does not necessarily imply loss of consciousness (Sanders et al.,
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2012). Finally, some studies use commercial depth of anaesthesia monitors in an
attempt to standardise anaesthetic depth (e.g. Conti et al., 2006; Law et al., 2014;
Mirkheshti et al., 2020). However, as in clinical applications, this approach is
limited by the inherent error introduced by relying on population calibration to infer
depth of anaesthesia in an individual. SWAS overcomes these shortcomings by
being a marker of a specific brain state under deep general anaesthesia that is

identifiable on an individual basis.

However, titrating anaesthesia to the SWAS endpoint is not a trivial undertaking.
Unlike existing commercial depth of anaesthesia monitors that rely on processing
of the EEG signal alone, SWAS by definition requires identification of a plateau in
slow wave power as a function of concentration (Warnaby et al., 2017). Therefore,
when titrating to SWAS in an individual, one needs to track changes in slow wave
power and anaesthetic concentration during the induction period. The
concentration of volatile anaesthetics can be measured as an end-tidal
concentration, with the caveat that the concentration in the brain will be delayed
compared to the concentration measured in the lungs. In the case of intravenous
anaesthetics, the concentration in the brain (i.e. the effect site concentration) is
estimated using pharmacodynamic/pharmacokinetic (PD/PK) modelling (Kiang et

al., 2012).

There are a number of additional challenges in the application of SWAS to clinical
practice. Firstly, clinical practice often involves a mixture of anaesthetic agents,

such as using propofol for induction of anaesthesia and a volatile anaesthetic for
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maintenance. Additionally, opioids that are commonly co-administered as part of
the triad of anaesthesia are known to potentiate anaesthetic action, effectively
reducing the hypnotic concentration required to achieve SWAS (Warnaby et al.,
2017). Accounting for the inputs of a variety of different anaesthetic agents and
also the time-varying synergistic interaction of opioids is a key challenge in the
development of a SWAS-based depth of anaesthesia monitor. Finally, there is also
some early evidence that after reaching SWAS, slow wave power gradually
decreases over time despite the anaesthetic concentration being kept constant
(Warnaby et al., 2017), which could poses challenges for tracking SWAS during

maintenance of anaesthesia.

The initial prototype system was developed to be suitable for later application in
the pre-surgery and EEG-MRI studies. To that end, | reduced the scope of this
initial prototype system to allow induction and maintenance of anaesthesia at
SWAS using a single hypnotic agent without co-administration of opioids.
However, crucially, the prototype system was developed with view to these future
scenarios, so that subsequent development of the SWAS system can build on this

initial prototype.

2.2 Overview of the prototype system and its application

The prototype system has dedicated hardware for acquiring EEG and anaesthesia
concentration data and software for modelling SWAS in near real time (Figure
2.1). The prototype software was implemented in Matlab 2018a (The MathWorks

Inc., USA). It consists of 1) a module for real-time sampling of EEG and
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anaesthesia monitor data, 2) a mathematical model for tracking slow wave power
as a function of concentration and detection of saturation, and 3) a graphical user
interface (GUI) for visualising input data and the SWAS model output. Two
different prototype systems have been developed that use either the 24-channel
TMSi Porti 7 (Twente Medical Systems International B.V., The Netherlands) or the
32-channel BrainAmp MRplus (BrainVision GmbH, Germany) EEG systems.
These systems were implemented in the pre-surgery patient and the EEG-MRI

healthy volunteer studies respectively.

Hardware Software
1) Pre-surgery study — - —
—— SWAS Prediction Model Visualisation
o
EEG . ‘ i |
FieldTrip Real-tlme s.pectral g e I v
estimation 5 / aa Al
Buffer : J :
Dynamic SWAS 8 |
fitting : .
i ﬁ”l‘:' S
Time (mins) :
VSCapture Anaesthet.lc
concentration Anaesthetist

Anaesthesia monitor

Figure 2.1: Schematic of the prototype SWAS system. Data from two separate
EEG hardware systems used in each of the pre-surgery and EEG-MRI studies is
interfaced with the SWAS model in software using the FieldTrip toolbox for Matlab.
End-tidal anaesthesia concentration is imported from an anaesthesia monitor to
the SWAS real-time model using the VSCapture software. In the case of
intravenous agents, anaesthetic concentration is manually entered into the model.
The prototype system then performs dynamic modelling of slow wave power as a
function of concentration. Finally, EEG spectral estimates and SWAS model output
is visualised.
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2.2.1 Real time data input

2.2.1.1 Sampling EEG data

The FieldTrip toolbox (Oostenveld et al., 2011) was used to provide an EEG
hardware-software interface for the two different EEG hardware systems. For the
Porti 7 system, EEG data was read directly to Matlab using the tmsi2ft.exe
FieldTrip tool. This tool interfaces with the the FieldTrip Matlab function

ft read_data.m to read data from the FieldTrip buffer into Matlab once per second.
Only data that has been acquired by the EEG system since the last data read is
sampled from the FieldTrip buffer. This new data segment is then appended to the
stored EEG data resulting in an EEG channel x datapoints data structure. As
SWAS is evaluated at a particular electrode, EEG from the Fz electrode is passed

on as input to the SWAS real-time model.

When using the BrainAmp MRI-compatible MRplus EEG system to record data in
the MRI scanner, some additional pre-processing was required compared to
traditional EEG. EEG recorded during MRI acquisitions is affected by large
artefacts caused by the switching of the magnetic gradients and from the subject’s
pulse moving the electrodes within the magnetic field (Allen et al., 1998, 2000).
Correction of these MRI artefacts will be covered in detail in Chapter 3 (Section
3.2.3.2.1). For this use case, raw EEG data acquisition and MRI-specific pre-
processing is performed on one computer and the real-time SWAS modelling is
performed on a second computer to ensure that the computational load of running

the real-time model does not interfere with the raw data acquisition.
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The EEG data acquired at 5kHz is initially read into the BrainVision Recorder
(BrainProducts GmbH, Germany) software and written to disk for offline analysis.
At this point, the EEG data is also simultaneously forwarded to BrainVision
RecView (BrainProducts GmbH, Germany) via the in-built Remote Database
Access (RDA) protocol where the MRI artefacts are corrected in real time. After
correction of the high-frequency MR gradient artefacts, data is downsampled to
500Hz to reduce the computational load in the subsequent data processing and

model application.

Next, artefacts related to the subjects’ pulse causing movement of the EEG
artefacts within the magnetic field are detected and corrected for. At this point, the
downsampled data is forwarded to the SWAS modelling computer via cross-over
Ethernet cable. In software, the forwarding is performed via an RDA protocol to the
FieldTrip tool rda2ft.exe and the FieldTrip buffer. The BrainAmp MRplus system
can also be used as part of the SWAS prototype system outside of the MRI
environment. In this case, the MRI artefact correction steps are not needed but it
would still be necessary to reduce the EEG sampling rate before passing the data

to FieldTrip.

When using the TMSi Porti 7 system, some system-specific pre-processing is also
required in Matlab. Firstly, as the Porti 7 system does not remove any direct
current (DC) offset in the signal, a DC blocking filter is applied to remove any
signal offset prior to further processing. Secondly, the Porti 7 EEG signals are

acquired as a common reference so are re-referenced to the Cz electrode to allow
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the SWAS model to be applied at this electrode location. This is also more

comparable to the FCz reference that is used by the BrainAmp MRplus system.

2.2.1.2 Sampling or manual entry anaesthesia data

Anaesthetic and other physiological data is acquired from either a Carescape
B650 (General Electric Company Inc., USA) or a Datex-Ohmeda S/5 (GE
Healthcare Finland Oy, Finland) anaesthesia monitor that is fitted with a gas
analyser module. Data is acquired at a sampling rate of 0.2 Hz on a separate
computer that is connected to the monitor via a RS232-to-USB interface. The
software program VSCapture version v1.005 (Karippacheril & Ho, 2013) is used to
write the inspired and expired anaesthesia data to a .csv file. VScapture also
allows the real-time data acquisition of other physiological signals, including end-
tidal carbon dioxide (COz), inspired oxygen (O2), and respiration rate. The resulting
.csv file is then read into Matlab by a custom text file import function that was

automatically generated by the Matlab Import Tool.

For inhalational agents (e.g., sevoflurane, desflurane or isoflurane), end-tidal
anaesthetic gas concentrations are used as input into the real-time SWAS
detection model. Specifically, the model takes as input a time series of successive
measurements of end-tidal concentration. A smoothed moving minimum of the
measured end-tidal concentrations is calculated to eliminate spikes. The smoothed
moving minimum is calculated for each time point by taking a moving minimum of
16 seconds around the datapoint (movmin.m), then a moving maximum of +4

seconds of that minimum (movmax.m). Finally, smoothing is applied by robust
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local regression using weighted linear least squares and a 25t degree polynomial

model (smooth.m).

The prototype system is also capable of accepting manually entered
concentrations of intravenous anaesthetics in the form of a bolus, continuous
infusion, or a combination of the two. The current version of the prototype system
accepts input of propofol and ketamine intravenous anaesthetics. The input
boluses of both drugs are entered as the dose in mg and continuous infusion as
the dose per hour (i.e., mg/hr). The effect site concentration of the anaesthetic is
then estimated through PD/PK modelling. Propofol and ketamine PD/PK modelling
is performed using parameters from Wiczling et al. (2012) and Sigtermans et al.

(2009) respectively.

2.2.2 SWAS real-time detection model

The pre-processed EEG and anaesthetic concentration data are used as inputs to
the SWAS real-time detection model (Figure 2.2). Firstly, pre-processing is applied
to the EEG and real-time spectral estimation is performed to obtain the power in
the slow wave frequency band. Next, slow wave power is dynamically estimated
as a function of anaesthetic concentration. Finally, model parameters are updated

based on the new data and model output is passed on for visualisation purposes.

Portions of the work reported in this section (Section 2.2.2) were performed by
other people. The SWAS sigmoid function has been previously published in
Warnaby et al., (2017). The dynamic module was developed by Prof. Myles Allen

and an offline implementation of the SWAS model was developed by Prof. Saad
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Jbabdi. My contribution was making significant modifications to the offline

implementation to accept input and produce output in real time.

2.2.2.1 Spectral estimation

EEG slow wave power (0.5-1.5Hz) from the Fz electrode is extracted using a real-
time spectral estimation method applied to 16 second raw EEG time windows,
updated every 3 seconds. A tanh function that saturates if the current EEG activity
exceeds +3 standard errors of the preceding 8 seconds, is applied to each time

window to minimise the impact of artefactual EEG spikes.

Spectral
7| estimation

EEG > Preprocessing

¢ MH Visualisation
Anaesthetic | J]  PDPK | ] SWAS fitting || Posterior sampling |
concentration modelling likelihood
K Dynamic SWAS ¢

----------- | amp litude sigmoid

' Prior I estimation function Powell

1 s

' likelihood 7 < optimisation

Figure 2.2: Flow chart illustrating the real-time SWAS model processing pipeline.
EEG = electroencephalography, PD/PK = pharmacodynamic/pharmacokinetic, MH
= Metropolis-Hastings.

To weight more recent data, a half-Hamming window is applied to the demeaned
EEG data in each 16s window. The MATLAB fft.m function was then applied to
each time window, and the relevant bins for the slow wave activity in 0.5-1.5Hz
frequency band extracted. The spectrum is estimated for each window assuming a

30s adjustment time. The weight of the current window is calculated as 1 —
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exp(—f /Tqajuse) Where fis the time between successive spectral estimations in

seconds and Tadjust iS the adjustment time. This approach allows for the rate of
spectral estimation or the adjustment time to be changed independently of each
other. The slow wave power for a given time is then calculated using the weighted
sum of 1 — exp(—3/30) = 0.095 of the current window and 0.905 times the

preceding one.

2.2.2.2 Dynamical modelling of slow wave power

The dynamical estimation of slow wave power is a Kalman filter. It comprises of a
first order differential equation, where the amplitude A of frequency i varies as a
linear relaxation to amplitude Si at a rate of time-constant 1. Additionally, a non-
linear interaction term, Wijj, modulates Ai by allowing for a cross-frequency coupling

between frequencies i and |.

dA;

]

In this implementation, the cross-frequency coupling has been set to zero.

2.2.2.3 SWAS sigmoid function

Changes in amplitude Si of frequency band i are modelled as a parametric sigmoid
function of the anaesthetic concentration C(t) (see Figure 2.3). Si(C) is defined as
a logistic function of the initial amplitude ri and the amplitude at saturation si, which

is given by
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5:(C) = (2)

The rate of change per unit increase in C is determined jointly by the parameters t;,
defined as the concentration at half saturation, and ui, which defines the gradient
of the curve at this point. Specifically, the steepness of the gradient of the curve is
calculated as tan™1[(s — r)/4u ] in degrees, meaning the value of ui is inversely
related to the steepness of the curve. A flat prior distribution is defined by initial
values for the free parametersr, s, t, and u. A posterior probability distribution is
calculated from the prior and a likelihood function that assumes while Gaussian
noise of unknown variance. A Jeffrey’s prior on the variance allows for analytical
integration. The free parameters are estimated using the Metropolis-Hastings
algorithm. The Metropolis-Hastings algorithm is a randomised sampling method
(Markov Chain Monte Carlo), allowing us to sample the joint posterior probability

distribution of the free parameters.

Anaesthetic concentration
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Figure 2.3: lllustration of the sigmoid curve modelled in Equation 2. r is slow wave
power at baseline and s is slow wave power at SWAS. t is the anaesthetic
concentration at half-saturation, defined as the mean of s and r, and u is inversely
related to the steepness of the gradient of the curve at that point.

When applied in real-time, the free parameters from Equation (1) and (2) are
dynamically updated at user-specified intervals using Powell maximisation of the
posterior likelihood with log-normal priors and an exponentially weighted fit with
decay-time of 7.5 minutes. Finally, the saturation level of frequency band i is

defined as

A;
SWAS level = 5 (3)
i
where Ai and si are extracted from Equation 1 and 2. SWAS is defined as when

the SWAS level is 20.99.

The SWAS sigmoid function can also be applied in isolation offline to previously
acquired full anaesthesia induction datasets. If applied post-hoc in this manner,
the concentration of slow wave activity saturation (Cswas) is defined as the
concentration that contains 95% of the posterior distribution around SWAS where
Cswas = SWA(Ce) > SWAS - 1.650, and SWAS (o) is the estimate of the location
and precision of SWAS. Slow wave power at SWAS (Pswas) is the absolute slow
wave power at Cswas and 95% of the distribution around the slow wave activity

plateau.
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2.2.3 Graphical user interface (GUI)

The prototype system features a GUI that displays input data and SWAS model
output in real time (updating every second) (Figure 2.4). Firstly, visualisation of
input EEG and anaesthetics data is included for the purpose of monitoring signal
quality and troubleshooting potential issues. A spectrogram of the input EEG is
generated by the Matlab function spectrogram.m that has been modified for real-
time application (window width = 4s, overlap = 3s, frequency bin size = 0.25Hz,
frequency range = 0.25 to 30Hz). Secondly, the GUI features a visualisation of the
real-time SWAS model output, including estimated slow wave power, model fit to
that spectral estimation (Ai in Equation 2 and 3), and SWAS level (Equation 3).
Additionally, a dose-response curve of slow wave power as a function of
anaesthetic concentration is plotted. Finally, the GUI displays numerical

summaries of slow wave power, anaesthetic concentration, and SWAS level.
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Figure 2.4: Screen capture of the GUI used to titrate anaesthesia to SWAS. Top
right: Visualisation of the SWAS real time model output. Against the left y-axis,
modelled slow wave power (thick red line; A;j in Equations 1 and 3) is plotted over
the input slow wave power (thin red line; estimation described in Section 2.2.2.1)
and predicted slow wave power based on initial r, s, t, u, and T parameter values
(dotted red line). Against the right y-axis, the slow wave saturation level (Equation
3) is plotted in black, with a vertical black line indicating the point SWAS was
reached. Middle right: Smoothed anaesthetic concentration plotted as a function of
time. Bottom right panel: Spectrogram of the raw EEG used as input to the SWAS
model. Top left panel: Slow wave power plotted as a function of anaesthetic
concentration. Middle left: Most recent 10s of raw EEG. Bottom left: Numerical
summary values for slow wave power, anaesthetic concentration, and SWAS
level. Bottom middle: Panels for user input during model operation, including plot
scaling, intravenous anaesthetic concentration entry, and inserting event time
stamps.

The user is able to customise the visualisation during system operation, including
changing scaling of data axes and choosing to plot all or only the most recent X
minutes of data, where X is a user-configurable number. When taking intravenous
anaesthetic concentrations as input, the GUI also includes an interface to input

anaesthetic concentration data.

When initialising the model, the user is first prompted to enter some basic session
information (Figure 2.5). Secondly, the user is able to set initial values for the r, s,
t, u, and Tt parameters and whether each parameter is allowed to dynamically
update or not. Thirdly, some additional fixed parameters used outside the model
fitting itself are user configurable. These are the rate of spectral estimation
(estimation period), the window width of the Powell estimation, the evolution time
which determines the weighting of the current and previous spectral estimation
windows, and the half-width of the spectral estimation window. Finally, the user

can configure where to write the model output.
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2.2.4 Additional system features

In some situations, it may be desirable to change initial model parameters during
model operation. Therefore, the GUI includes a menu where new model
parameters can be entered, and recalculation of model parameters can be initiated
(Figure 2.6). Doing this will purge previously calculated model output and the
altered model parameters are applied to all data acquired in the recording session.
Both EEG and anaesthetics data from anaesthetic monitor are continuously
sampled during model recalculation. However, the prototype system is not capable
of accepting changes to intravenous anaesthetic concentration while the model is
recalculated. This is not such a problem as these changes in anaesthetic

concentration tend to change more slowly.

Dataset information Input parameters Additional parameters
Subject Free Estimation period 3
Session r v 0.5 L .
§ Powell optimisation window e
Agent Propofol v s v 10.0
Error 1
Frequency band 05/ - 15| Hz
t v 1.0
EEG sample rate 500| Hz Evolution time 30
u v 0.1
Spectral estimate window (hw]
Save to = v 60.0| /ep P! (hw) 8
/Users/josteinh/Documents/M Browse

Append data

Start Cancel

Figure 2.5: GUI used to initialise the SWAS prototype system. Top left: User-
configurable fields for generating meta-data for the recording session, and select
anaesthetic agent, frequency band, and EEG sample rate. Top middle: User-
configurable initial values for the r, s, t, u, and 7 parameters with individual toggles
for freeing or fixing parameters. Top right: Additional user-configurable
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parameters. Bottom left: User-configurable settings for writing output, as well as
the option to resume an ongoing session by appending new data to either data in
the workspace or loaded in from a file. Bottom right: Text box displaying error
messages in case of invalid parameter values.

The prototype system includes some features to allow for recovery in the event of
system crashes. Firstly, the model is cancelled or crashes, but the Matlab instance
remains running, the model is able to append data to the variables and data
structures stored in the Matlab workspace. This includes both input data and
model output, only requiring the model to be applied to any new data that has
been acquired since the model stopped. Secondly, if the Matlab environment itself
goes down, the prototype system can read in EEG and anaesthetic data that was
written to disk up to the point of the system failure. If the session is recovered in
this way, the model has to be applied to the data from the beginning, similar to

when the user initialises a recalculation of the model as described above.

SWAS plot Input parameters Additional parameters
Plot most recent 10 | minutes Free Estimation period 3
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Figure 2.6: Settings menu that can be opened from cog icon in the main GUI
(Figure 2.4). Left panels: Options for data visualisation in the main GUI. Top
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middle and right: Options for recalculating the real-time SWAS model with altered
parameters. Bottom right: Text box displaying error messages in case of invalid
parameter values.

2.3 Discussion and future directions

| have developed a prototype system for guiding anaesthesia delivery to an
individual's SWAS endpoint. The prototype system has all the core functionality
required to titrate anaesthesia to SWAS in a research context and serves as a

stepping-stone for further development of a clinical depth of anaesthesia monitor.

There are some limitations of this first iteration that will need to be overcome in the
future development of the SWAS prototype system. The current iteration of the
prototype system is only capable of modelling one anaesthetic agent at a time.
However, the current implementation is flexible to be able to add additional
anaesthesia input options, including combinations of different agents. The simplest
case is a mixture of different volatile anaesthetics. Concentrations of volatile
anaesthetics can be expressed as minimum alveolar concentration (MAC), which
is the concentration at sea level at which movement in response to a surgical
stimulus is absent in 50% of subjects (Eger et al., 1965; Quasha et al., 1980).
MAC remains the gold standard for comparing potency of volatile anaesthetics and
is widely used in clinical practice (Aranake et al., 2013). When expressing volatile
concentrations as MAC they are additive, meaning the combined effect of the
drugs is equal to the sum of the individual effects of each drug (Hendrickx et al.,
2008). For example, a mixture of LMAC sevoflurane and 0.3 MAC nitrous oxide
has a combined MAC of 1.3. A caveat to this is that the propensity of these agents

to cause slow waves may not be strictly additive, and may governed by a more
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complex relationship. SWAS has previously been modelled offline in terms of
volatile anaesthetic concentrations expressed as MAC (Warnaby et al., 2017). As
MAC calculated from end-tidal concentration in a straightforward manner, it would
be feasible to implement a combined MAC as input to the prototype SWAS

system.

Implementing input of a combination of multiple intravenous or intravenous and
volatile anaesthetics is less straightforward, as there is significant heterogeneity in
how these drugs interact (Hendrickx et al., 2008). Many anaesthetic drug
combinations are either synergistic or infra-additive, meaning the combined effect
either exceeds or is less than the sum of the individual drug effects (Hendrickx et
al., 2008). However, for some common anaesthetic drug combinations, such as
propofol and sevoflurane, the drug effects does appear to be additive (Harris et al.,

2006).

Similarly, co-administered opioids potentiate anaesthetic action (Bouillon, 2008;
Hendrickx et al., 2008), giving an example of synergistic drug interaction. In line
with this, opioids have been found to reduce the anaesthetic concentration
required to achieve SWAS (Warnaby et al., 2017). Modelling the effect of different
types and doses of opioids on the SWAS curve will be a key challenge in
developing the prototype further for clinical applications. The influence of opioid
can already be taken into account by the SWAS model by changing the initial
values for the t and u parameters (i.e., reducing the expected concentration at half

saturation and the steepness of the curve at that point), but this solution has not
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yet been sufficiently tested. One important caveat is that we currently do not know

how much to change the initial values to account for different doses of opioids.

Furthermore, the current iteration of the prototype system only has fairly
rudimentary artefact correction. Specifically, the prototype system features a tanh
filter that saturates spikes in slow wave power. While the tanh filter is effective at
suppressing transient artefacts, sustained periods of artefacts will still cause the
modelled slow wave power to be significantly overestimated. However, more
sophisticated artefact correction is not trivial to implement. Firstly, artefacts that
are problematic at baseline and during early induction can be of higher amplitude
than slow wave power at SWAS. This makes it challenging to detect artefacts
without falsely flagging genuine increases in slow wave power. This is particularly
challenging when artefactual waveforms resemble slow waves, such as artefacts
from eye blinks. Secondly, as the SWAS real-time model in its current iteration
assumes a continuous input, it would not be possible to simply discard artefactual
data segments. Therefore, the model would either have to be adjusted to handle
missing data segments, or the slow wave power for the rejected segments would

have to be interpolated.

Burst suppression is a pattern of electrical brain activity characterised by
alternating periods of high-amplitude activity (bursts) and isoelectricity
(suppression) observed in abnormal brain states such as coma and hypothermia,
as well as deep general anaesthesia. Sustained periods of burst suppression have

been suggested to potentially be predictive of post-operative delirium, though
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evidence regarding causality is mixed (Shanker et al., 2021). Burst suppression
occurs at deeper levels of anaesthesia than is required to achieve SWAS
(Warnaby et al., 2017). Therefore, while not essential to titration of anaesthesia to
SWAS, a system for detecting burst suppression would provide additional
information to anaesthetists that they have gone past SWAS. Severity of burst
suppression can be quantified as the ratio of time spent in high-amplitude bursts
and isoelectric suppression (Rampil & Laster, 1992), and several methods of
detecting burst suppression have been proposed (Leistritz et al., 1999; Lipping et
al., 1994, 2007; Sarkela et al., 2002; Y. Wang & Agarwal, 2007). There is also
precedence for existing depth of anaesthesia metrics to include burst suppression
ratio in their algorithms, including BIS (Bruhn et al., 2000) and Narcotrend (Kreuer
& Wilhelm, 2006) monitors. Therefore, it is feasible to implement burst suppression

detection in future development of the SWAS titration system.

In this chapter | have described the implementation of a prototype system for
titrating anaesthesia to the SWAS endpoint within an individual. Finally, | have
discussed some limitations of the current implementation and proposed future
directions of development with a view towards commercialisation and adoption into

routine clinical practice.
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3 Real-time titration to SWAS in practice

3.1 Introduction

In the previous chapter, | described the development of a prototype system for
titrating anaesthesia to individual SWAS levels. SWAS had previously only been
characterised offline in healthy volunteer and clinical datasets using post-hoc
application of the sigmoid response function (Mhuircheartaigh et al., 2013; Sleigh
et al., 2019; Warnaby et al., 2017). During the development of the SWAS
prototype system, an inherent limitation was that the mathematical model and the
prototype system could only be tested in previously acquired observational data
where the anaesthetic dose delivered was often far in excess of SWAS. Therefore,
a key outstanding question was whether it is possible to use the SWAS prototype

system to achieve and maintain an individual at their SWAS level.

Offline modelling of SWAS has the advantage of knowledge of the whole
anaesthetic induction period, allowing for more thorough preprocessing and
artefact correction. For these reasons, offine SWAS modelling is the current gold
standard that the accuracy of the real-time SWAS titration can be compared to.
Specifically, the concentration of SWAS (Cswas) as determined by offline SWAS
modelling is the optimal dose, and the accuracy in obtaining this target can be
quantified by the deviation from this value. Similarly, the slow wave power at
SWAS (Pswas) as determined by offline SWAS modelling is the value that the real-
time model should identify (i.e., the s parameter in Equation 2 and 3 in Chapter 2).
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For clinical translation of SWAS, it is necessary to be able to titrate anaesthesia to
SWAS within a timeframe that is compatible with other clinical considerations and
constraints. In particular, operating theatre and anaesthetic room time is a limited
resource (Koenig et al., 2011). Furthermore, unpredictable anaesthesia induction
duration contributes to idle waiting times among anaesthetists and surgeons
(Koenig et al., 2011). Ideally, anaesthesia titration to SWAS would be both fast
and accurate, although in practice there will likely be a trade-off between the two
concerns due to delays in anaesthetic action at the brain. Standard clinical
induction of anaesthesia typically takes between approximately 10-45 minutes
depending on the number and complexity of the required anaesthetic induction
services (Koenig et al., 2011; Schuster et al., 2008). Simple cases requiring only
airway management tend to be shorter than cases that require central venous
catheters, arterial lines, and/or epidural catheters (Schuster et al., 2008). As these
services come in addition to the administration of the anaesthetic drug, time of
titration to SWAS should be towards the lower bounds of this range to be clinically

viable.

Additionally, it is important to be able to relate SWAS to behavioural readouts of
awareness under general anaesthesia. The gold standard for detecting connected
consciousness monitoring during surgery is the isolated forearm test (IFT) (Linassi
et al., 2018), which involves restricting blood flow to an arm during administration
of neuromuscular blockers and giving the anaesthetised patient a verbal command
to respond. A common criticism of existing depth of anaesthesia monitors is that

they do not prevent positive IFT responses during surgery any more than
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conventional vital signs monitoring when the recommended range of values is
targeted (i.e., 40 to 60 for the BIS) (Linassi et al., 2018), indicating that they fail to
reliably prevent at least some degree of connected consciousness. Therefore, a
key outcome measure for SWAS as a target for clinical anaesthesia is whether
individuals titrated to SWAS are unresponsive to the IFT. Furthermore, positive
responses to the IFT in the SWAS state would challenge the interpretation that

SWAS is a state of complete perception loss under general anaesthesia.

Crucially, however, positive IFT responses are many times more frequent than
subsequent recall of intra-operative awareness (Linassi et al., 2018). Estimates of
incidents of awareness with recall range from about 1:600 to 1:17,000 (Tasbihgou
et al., 2018). Intra-operative awareness with recall are generally considered more
clinically significant than awareness without recall, as long term psychological
disorder is associated with recall of the awareness event (Ag et al., 2016). The
Brice Awareness Questionnaire (Brice et al., 1970) is considered the gold
standard for detecting intra-operative awareness with explicit recall (Mashour et
al., 2013). For SWAS to be a viable target for clinical anaesthesia, it is of utmost
importance that patients held at their SWAS end point during surgery have no
explicit recall of surgical events. At the very least, rates of incidences of intra-
operative awareness need to be comparable to or lower than current clinical
standards. Due to the low incidence rates of intra-operative awareness with recall,
any incidence during early SWAS investigations in comparatively low samples

would be of great concern.
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3.1.1 Predicting anaesthesia requirement to SWAS

In order to improve the speed and accuracy of SWAS titrations, it is useful to know
factors that can impact anaesthetic susceptibility. Firstly, physiological factors such
as body weight, sex, and age have been well established to affect susceptibility to
a range of anaesthetic agents (Forrest et al., 1994; Mapleson, 1996). PD/PK
models generally attempt to account for some of these factors when estimating
effect site concentration. For instance, when estimating propofol PD/PK, the Marsh
model incorporates weight and the Schneider model incorporates age, weight,
height, and sex (Marsh et al., 1991; Schneider et al., 1998). In the case of volatile
anaesthetics, MAC robustly decreases with age (Mapleson, 1996), and therefore
age-adjusted MAC is often used to compare anaesthetic dose requirements at

different ages (Aranake et al., 2013).

Relatedly, as SWAS may have a neurophysiological underpinning, it may be
possible to predict the concentration and slow wave power at SWAS for an
individual, i.e., Cswas and Pswas, respectively. Firstly, while Warnaby et al. (2017)
found that the concentration of propofol required to reach SWAS during induction
was not correlated with age, the MAC concentration at emergence was correlated
with age. Secondly, slow wave power at SWAS was found to be negatively
correlate with age (Warnaby et al., 2017). Additionally, although not SWAS per se,
other studies have found a negative association between age and slow wave
power during propofol and sevoflurane anaesthesia (Purdon, Pavone, et al., 2015)

and during slow wave sleep (Ringli & Huber, 2011).
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Beyond physiological factors, there may be personality traits that predict
anaesthetic requirement to achieve SWAS. Locus of control is a psychological
concept referring to the strength of an individual’s belief that they are in control
over their own situation and experience (Levenson, 1973). LOC has been
extensively tied to heath, with the Multiple Health Locus of Control (MHLC) scale
having been developed as a domain-specific version of the LOC scale for
healthcare (Wallston et al., 1978). The original LOC scale (Levenson, 1973) has
three sub-scales: Internal LOC, faith in powerful others, and chance. High internal
LOC and low faith in powerful others have been found to predict increased
requirement for anaesthesia in minor gynaecological surgery (Abbott & Abbott,
1995). We hypothesise that people who have a high trust in powerful others and
low internal LOC will be more susceptible to the anaesthetic, and consequently
requiring a lower anaesthetic concentration to lose behavioural responsiveness

(CLogr), have a lower Cswas, or both.

It has been suggested that the personality trait absorption measures the openness
to an altered sense of reality and the self (Tellegen & Atkinson, 1974) and has
been found to be associated with hypnotic susceptibility (Glisky et al., 1991).
Previous work in our lab suggests that people lose a sense of selfhood when they
become unresponsive under general anaesthesia (Warnaby et al., 2016). We
hypothesise that individuals who are open to an altered sense of the self might be
more susceptible to entering an altered state of consciousness under general

anaesthesia, particularly in the period around loss of responsiveness where the
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anaesthetic may impair their sense of self. Specifically, we expect people who

score high on the absorption trait will have a lower CLosr, Cswas or both.

Future surgery and anaesthesia can cause anxiety (Jawaid et al., 2007). Worry
about receiving an anaesthetic was found to be negatively correlated with
anaesthetic susceptibility (Abbott & Abbott, 1995). Negative views towards
diagnosis, as well as severity of melancholic/vegetative depressive symptoms,
were significantly associated with anaesthesia response as measured by BIS
(Price et al., 2015). We hypothesise that people who are more anxious the day of
the anaesthetic and in general will require more anaesthesia to lose

responsiveness and achieve SWAS.

Finally, little is known about the effect of pre-anaesthetic sleep quality on
anaesthesia in humans. However, one study showed that people with poor sleep
quality required less propofol anaesthesia to maintain a BIS score within the
recommended range (Mirkheshti et al., 2020). In the other direction, there is some
evidence in animals (Jang et al., 2010; Nelson et al., 2010; Pick et al., 2011; Tung
et al., 2004) and humans (Moote & Knill, 1988) that anaesthesia can interact with
subsequent sleep. Based on this, it is possible that general sleep quality and sleep

quality the night preceding an anaesthetic could predict anaesthetic requirement.

In this chapter, | report on the application of the real-time SWAS prototype system
in two studies: a pre-surgery study in a patient population (Study 1) and a
laboratory EEG-MRI experiment in healthy volunteers (Study 2). Here, | will

assess the performance of the prototype system across the two studies, both in
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terms of the speed and accuracy in which we could obtain SWAS. Finally, |
analyse how individual psychological and behavioural measures relate to SWAS
and discuss how such measures could be used to inform future model

development.

3.2 Methods

3.2.1 Ethical approval

Studies 1 and 2 were jointly approved by the West Midlands - Coventry &
Warwickshire Research Ethics Committee (ethics reference 18/WM/0030) and
were designed and conducted in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all participants before participation.
General exclusion criteria for both studies were: a history of tobacco or illicit drug
use; high alcohol intake (>14 UK units/week); neurological or psychological
pathology; pregnancy; conflicting prescription medication; clinical indication of risk
of airway obstruction, adverse reaction to anaesthesia, or venous throbo-embolic
event; or vulnerable group status. More specific criteria for each study are included

below.

3.2.2 Study1

3.2.2.1 Recruitment and screening

We recruited patients who were having general anaesthesia for elective plastic
surgery or minor trauma surgery at the Oxford University Hospitals (OUH) NHS
Foundation Trust. To be included in the study the patients had to be between 18

and 60 years old and to have an American Society of Anesthesiology (ASA) score
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of 1 or 2. In addition to the general exclusion criteria listed in Section 3.2.1,
patients were excluded if they were involved in litigation cases or were scheduled
for a surgery to the head or neck or requiring the prone position. Participating
surgical, anaesthetic, and peri-operative assessment teams identified patients who
met the study inclusion criteria. The clinical teams performed an initial screening of
patients on the basis of the primary inclusion criteria, the surgical exclusion
criteria, and vulnerable group status. Additionally, we recruited patients who were
scheduled second or later on a surgical list so as to avoid the potential of

introducing delays to the surgical lists.

Suitable patients were invited to participate by the clinical team at either their out-
patient or pre-operative assessment appointment. They were given a brief
explanation of the study, an invitation letter, and a patient information sheet to take
home. It was clearly explained to the patient that there was no obligation to

participate and that non-participation would not influence their future medical care.

After the initial explanation of the study, participants were asked if they were
happy to be contacted by the research team. The research team contacted
interested patients at the pre-operative assessment appointment, by telephone or
emalil to discuss the study further. At this time, they confirmed that the patient
understood what the study involved. If the patients still expressed an interest in
participating, a consultant grade anaesthetist that was part of the research team
carried out a full eligibility assessment based on the study’s inclusion and

exclusion criteria. Written informed consent to participate in the study was
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obtained either on the morning of surgery, or at the earlier pre-operative

assessment clinic if the patient was happy to proceed at that time.

3.2.2.2 Study procedures

Patients were allocated to be titrated to SWAS using either sevoflurane or propofol
anaesthesia. The allocation to each agent was not randomised. As Study 1 was in
part intended to prepare the research team for titrating sevoflurane anaesthesia in
the MRI environment in Study 2, initially patients were preferentially allocated to
the sevoflurane group. We targeted a total sample of 20 patients, evenly divided

so that there were ten patients in each group.

On the day of surgery, initial preparations were performed on the admission ward.
Both the clinical anaesthetist and the study anaesthetists met with the patients to
discuss the anaesthetic. Once the clinical anaesthetist was happy with the
standard preoperative check in, and written informed consent had been obtained,

the study personnel performed the study procedures.

On the out-patients ward, patients were asked to fill in a booklet of validated
guestionnaires: State-Trait Anxiety Inventory (STAI) trait component (Spielberger
et al., 1983), Amsterdam Preoperative Anxiety and Information Scale (APAIS)
(Moerman et al., 1996), Pittsburgh Sleep Quality Index (PSQI) (Buysse et al.,

1989), and the Tellegen Absorption Scale (TAS) (Tellegen & Atkinson, 1974).

A 24-channel EEG cap fitted with Ag/AgCI cup electrodes (Twente Medical

Systems International B.V., The Netherlands) was fitted to each patient. Each
43



electrode site was prepared with surgical alcohol and a conductive gel was applied
between the electrode and the scalp to ensure good signal quality. EEG was

recorded with a TMSi Porti 7 amplifier system at a sampling rate of 2048Hz.

In the anaesthetic room, patients were prepared for their surgery according to their
clinical protocol by the clinical team and for the study procedures by the study
anaesthetist. Recommended practices of patient monitoring and trained
anaesthetist assistance was met for all patients as per the Royal College of
Anaesthetists’ Guidelines for the Provision of Anaesthetic Services 2016
(http://www.rcoa.ac.uk/node/21849). An anaesthetic nurse or operating
department practitioner was present to aid the study anaesthetist throughout the

anaesthetic induction.

Patients were fitted with a tight-fitting facemask used for delivery of 100% oxygen
and, if allocated to the sevoflurane group, the anaesthetic agent at a flow rate of
5L/min. When clinically appropriate, the EEG cap was connected to the SWAS
prototype system. At this point, EEG quality was reassessed and adjustments to

individual electrodes were made as appropriate.

The patient was instructed to keep their eyes closed. This was done to limit EEG
artefacts from eye blinks. The SWAS prototype system was initialised to obtain
baseline slow wave power, i.e., the value used as the initial value of the r
parameter. After adjusting the initial value for r, the model was reinitiated, and the
delivery of the anaesthetic commenced. An experimenter held the patient’s hand

throughout the anaesthetic induction. Every two minutes, the modified isolated
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forearm test (IFT) was performed by the experimenter saying “[PATIENT NAME],
please squeeze my hand.” to assess behavioural responsiveness. In the standard
IFT, blood flow is restricted to the forearm during administration of muscle
relaxants so that the hand retains the ability to respond to the prompt. The
modified IFT was modified in the sense that no muscle relaxants were
administered, and therefore no restriction of blood flow to the forearm was done.
Once SWAS was reached according to the real-time SWAS model, the
concentration of the anaesthetic was held constant for 10 minutes. If time
permitted with respect to not disrupting the surgical list schedule, the anaesthetic
concentration was further increased after the 10-minute hold to extend the range

of anaesthetic concentration to construct dose-response curves offline.

After the completion of the experimental protocol, the patient was handed over to
the clinical team. From this point on the research team had no active role and
imposed no restrictions on the clinical procedures, including which anaesthetic
agent and concentration was used. However, EEG, anaesthetic and physiological
data was recorded throughout the surgery and during recovery. Notable surgical
events and the timings of administration of any medications were recorded. These
included the time and dose of the various intravenous hypnotic and analgesic
drugs, time of loss and recovery of behavioural response, time of insertion and
removal of airway devices, and time of first surgical incision. Additionally, heart
rate, blood pressure, end-tidal CO2, end-tidal anaesthetic concentrations, and
oxygen saturation levels of the patient were recorded. Upon recovering from the

anaesthetic, an experimenter scored the Nursing Delirium Screening Scale
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(NuDESC) and conducted the Brice Awareness Questionnaire. The NuDESC
scoring and Brice Awareness Questionnaire was repeated 15 minutes after
recovery. The Brice Awareness Questionnaire was also repeated by telephone 4

weeks after the operation.

3.2.3 Study 2

3.2.3.1 Recruitment and screening

We recruited 23 healthy volunteers between the ages of 18 and 50 through local
and social media advertising. During an initial session, all participants were
screened by a consultant anaesthetist to ensure that they met the general
inclusion and exclusion criteria outlined in Section 3.2.1. Additionally, participants
were excluded if they were left-handed, had contraindications to MRI, or facial hair

that would prevent a tight mask seal.

3.2.3.2 Study procedures

The experiment took place over two sessions (Figure 3.1). The experiment was
designed to include a multitude of measurements for different analyses, including
EEG, MRI, behavioural, and questionnaire data. This chapter will detail the
acquisition and analysis of the anaesthesia EEG, behavioural, and questionnaire
data. Details regarding the MRI acquisitions and their subsequent analyses will

follow in Chapters 4, 5, and 6.

During the first session, a series of baseline MRI images of the brain were
acquired: 1) high resolution anatomical image (T1-weighted MRI); 2) structural

white matter pathway measurements, (diffusion-weighted MRI [dwMRI]; 3) resting
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state FMRI; 4) cerebral blood flow measurements (arterial spin labelling [ASL]),
and 5) neurotransmitter measurements (magnetic resonance spectroscopy
[MRS])). Participants filled in a questionnaire booklet and had a sleep EEG-kit fitted
(SomnoHD, SOMNOmMmedics GmbH, Germany). Participants were given
instructions for fasting in preparation for the anaesthetic and sent home via taxi for

a night of sleep EEG recording in their own bed.

Awake (room air) Awake (0,) LOBR SWAS
Overnight rsFMRI
sleep EEG Task FMRI

T1 anatomical = ASL
Diffusion MRI L
rsFMRI £ 5 rsFMRI
ASL %3 rsFMRI
MRS o £ |Task FMRI
NS | AsL
Time
Baseline Anaesthesia session

Figure 3.1: Overview of the study procedures in Study 2. The study was performed
over two sessions: an evening baseline session and the main anaesthesia
session.

Participants returned the following morning for the anaesthesia session. The sleep
EEG-kit was removed, and an MRI-compatible EEG cap (BrainCap MR, Easycap
GmbH, Germany) was applied. Participants were fitted with noise dampening

earphones that were used for auditory stimulus delivery.
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Anaesthesia was titrated in two stages. First, anaesthesia was titrated to loss of
behavioural responsiveness (LOBR) to beeps of 1kHz frequency and 60ms
duration delivered through the noise dampening earbuds, at which point
anaesthetic concentration was held constant during steady-state FMRI
measurements. Second, anaesthesia was titrated according to individual real-time
EEG feedback from the Fz electrode using the prototype SWAS system. In cases
where continuous real-time model fitting was not possible due to excessive
artefacts from movement within the magnetic field, the research team gauged if
SWAS had been achieved from a continuously populating concentration vs. slow
wave power plot. At SWAS, the concentration was held constant during MRI

acquisitions.

Resting state FMRI was acquired during wakefulness, the steady state hold at
LOBR, the transition to SWAS and the hold at SWAS. Task FMRI and ASL data
were acquired during wakefulness and at SWAS. A modified version of the IFT
was administered as part of both task FMRI acquisitions. Finally, the participant
was removed from the bore, the anaesthetic was turned off and the participant

was allowed to wake up naturally while the EEG was recorded.

3.2.3.2.1 EEG data acquisition

EEG was acquired with a 32 channel EEG cap (BrainCap MR, Easycap GmbH,
Germany) and MRI compatible amplifier system (MRplus, BrainVision GmbH,
Germany) at a 5kHz sampling rate. Each electrode site was cleaned with surgical

alcohol, and an abrasive electrolyte gel was applied between each electrode and
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the scalp to keep impedances below 5kQ. Electrocardiogram signals (ECG) were
simultaneously recorded from a chest electrode integrated into the EEG cap. EEG
and ECG data were recorded using BrainVision Recorder (BrainProducts GmbH),
along with the onset timings of each ASL volume. To optimise the temporal
accuracy of volume onset timers, the EEG clock was synchronised to the MRI

scanner master clock (SyncBox, BrainProducts GmbH, Germany).

In addition to writing the raw EEG data to disk, they were transferred to RecView
(BrainProducts Gmbh, Germany) for real-time MRI artefact clean-up. Artefacts
resulting from the MRI gradient switching were firstly corrected using a real-time
implementation of the template subtraction method (Allen et al., 2000), before the
EEG was down-sampled to 500Hz. Heart beats detected from the ECG channel in
real time were used to correct pulse-related artefacts in the downsampled EEG
data using template subtraction (Allen et al., 1998). Generation of new templates
for the gradient and cardioballistic artefact correction could be triggered by the
experimenters if and when the artefact waveforms changed (e.g., due to gradual
drift or participant movement). Finally, the MRI artefact corrected EEG was
transferred via TPC in real time to a FieldTrip buffer running on a separate
computer. The EEG was then read into MATLAB as part of the prototype SWAS

system (as outlined in Section 2.2.1.1).

3.2.3.2.2 Anaesthetic delivery
Sevoflurane and Oz gases were delivered through a tight-fitting face mask using

an MRI compatible anaesthesia machine (Prima 451 MRI, Penlon Ltd., UK). In the
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anaesthesia session, participants received 100% Oz at 5L/min flowrate prior to
anaesthesia delivery. During anaesthesia titration, participants received increasing
levels of sevoflurane mixed with 100% O: at a flowrate of 5L/min until saturation of
slow wave activity was identified using real-time EEG feedback (SWAS condition).
The anaesthetic team, comprising a consultant anaesthetist and an anaesthetic
assistant, had no other study responsibilities and could abort the experiment at

any time if they had any concerns for participant safety.

Participants’ vital signs, as well as the inspired and expired gas content, were
monitored during anaesthesia delivery using either a Carescape B650 (General
Electric Company Inc., USA) or Datex-Ohmeda S/5 (GE Healthcare Finland Oy,
Finland) anaesthesia monitor. Blood pressure was monitored by a Tesla Duo MRI
Patient Monitor (Mammendorfer Institut fur Physik und Medizin GmbH, Germany)
and oxygen saturation by a Nonin 7500FO pulse oximeter (Nonin Medical, inc.
Plymouth, MN, USA). These vital signs and gas data were recorded from the
monitor at a sampling frequency of 0.2Hz using VSCapture v1.005 (Karippacheril
& Ho, 2013) and imported into MATLAB in real-time. Additionally, during both the
baseline and anaesthesia sessions, pulse plethysmography and respiration
bellows traces were recorded at a sampling rate of 200Hz using an MP150 system
and Acknowledge software (BIOPAC Systems Inc., Goleta, CA, USA) for off-line

analyses.
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3.2.3.2.3 Questionnaires

Participants were asked to complete a series of validated questionnaires. During
the evening baseline session, they completed questionnaires related to static
traits. These were the State-Trait Anxiety Inventory (STAI) trait component
(Spielberger et al., 1983), the Pittsburgh Sleep Quality Index (PSQI) (Buysse et
al., 1989), the Tellegen Absorption Scale (TAS) (Tellegen & Atkinson, 1974), the
Embodied sense of self scale (ESSS) (Asai et al., 2016), and the Locus of Control
(LOC) (Levenson, 1973) questionnaires. On the morning of the anaesthesia
session, the participants were asked to fill in two additional questionnaires: STAI
state component (Spielberger et al., 1983) and the PSQI (Buysse et al., 1989)
adapted to ask about the previous night’s sleep. Finally, upon awakening the
anaesthetist completed the NUDESC, and the Brice Awareness Questionnaire was
administered. The NUDESC and interview was repeated after a short delay while

the participant was recovering in an adjoining room.

3.2.4 Data analysis

3.2.4.1 Offline EEG processing

All offline EEG pre-processing and analyses were performed in MATLAB. For
Study 1, the raw EEG was down sampled by a factor of 4 to 512 Hz and bandpass
filtered with a 6™ order zero-phase Butterworth filter (0.1-45Hz). Slow wave power
was estimated using short-time Fourier transform (spectrogram.m; 4s window, 3s
overlap, 0.25Hz frequency bin size). The average of the frequency bins
constituting the slow wave (0.5-1.5Hz) frequency band was calculated for each

window.
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For offline analyses for Study 2, MRI artefact correction was performed in
BrainVision Analyzer version 2.1 (BrainProducts GmbH). EEG recorded during the
FMRI acquisitions were cleaned for gradient artefacts using moving template
subtraction (Allen et al., 2000). Separate moving templates were generated for
each acquisition. Next, the EEG was downsampled to 1kHz prior to cardioballistic
artefact correction, also using moving template subtraction (Allen et al., 1998).
Further EEG preprocessing and analysis was performed in MATLAB (MathWorks

Inc., USA).

As for Study 2, a 6™ order zero-phase bandpass (0.1-45Hz) Butterworth filter was
applied to each data segment prior to spectral decomposition (4 s window, 3 s
overlap, 0.25Hz frequency bin size) using spectrogram.m. The average of the
frequency bins constituting the slow wave (0.5-1.5Hz) frequency bands was

calculated for each window.

3.2.4.2 Offline SWAS curve fitting

To assess the performance of the real-time SWAS model, the SWAS sigmoid
curve (Equation 2 in Chapter 2) was fitted offline to slow wave power. For both
Study 1 and Study 2, it was estimated at the Fz electrode from artefact-free EEG
from the onset of anaesthesia delivery until the peak anaesthetic dose. For Study
1, up to 100 s of artefact-free EEG collected at baseline was included in the SWAS
curve fitting to establish a baseline for slow wave power. Similarly, for Study 2, 100
s of EEG acquired during the resting state FMRI acquisition prior to onset of

anaesthetic delivery was included in the SWAS curve fitting for the same purpose.
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To visualise the variability in the SWAS sigmoid curve parameters across
volunteers for each study and EEG system, the individual r, s, t, and u parameters
values were plotted as boxplots. As the t parameter (concentration at half
saturation) is dependent on the anaesthetic agent, the sevoflurane and propofol

groups were plotted separately for Study 1.

3.2.4.2.1 Assessing accuracy of titration to SWAS

To assess the accuracy of titration to SWAS in Study 1, the anaesthetic
concentration during the hold at SWAS (Chold) was compared to Cswas estimated
from the offline SWAS curve fitting. As the full 10-minute hold could not be
completed for all patients due to time constraints on the surgical list, Chold Was
calculated as the mean concentration of the first minute of the hold. Additionally,
the time from anaesthetic onset to the beginning of the hold at SWAS (Thoid) was

recorded for each patient.

As we anticipated that different individuals would reach SWAS at different
concentrations, for both studies we calculated the mean absolute percentage error

(MAPE) between the actual measured anaesthetic concentration that was

. . M d tration—C
achieved and Cswas. In this context, MAPE = ——-2T°C CORCCTAMIOR"ESwAS

Measured concentration

Additionally, for Study 2 only, a Bland-Altman analysis was performed to assess

the agreement between the measured anaesthetic concentration and Cswas.
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3.2.4.2.2 Questionnaires

All questionnaires were scored according to their respective standard procedures.
Correlation analyses were performed between each scale and sub-scale. To
account for multiple testing, Benjamini-Hochberg false discovery rate correction

was applied to CLosr and Cswas analyses separately.

3.3 Results

We successfully applied the real-time SWAS prototype in 12 patients in a clinical
setting (Study 1) and 23 heathy volunteers in the MRI environment (Study 2). No
subjects in either study responded to the IFT when held at SWAS. Furthermore,
no subjects in either study reported recall of awareness of the surgical procedures
(Study 1) or experimental procedures past loss of responsiveness (Study 2) as

assessed by the Brice Awareness Questionnaire.

3.3.1 Study1l

3.3.1.1 Participants

The study was originally designed with a target of 20 patients. However, due to the
COVID-19 pandemic, data collection had to cease before this target was reached.
In total, twelve patients (eight in the sevoflurane group [age = mean+SD
44.5+11.6, four female] and four in the propofol group [age meanzSD 49.8+7.5,
three female]) received an induction of anaesthesia guided by the real-time SWAS
model. Nine of the patients underwent elective plastic surgery (seven in
sevoflurane group) and four underwent surgery for minor trauma injuries (one in

sevoflurane group). Three of the twelve patients had a NUDESC score indicating
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delirium (=2). An overview of the anaesthesia titration for each patient is given in

Table 3.1.

Table 3.1: Overview over anaesthesia titration in each patient. Thog = time from
anaesthesia onset to the beginning of the hold at SWAS, CLosr = concentration at
loss of behavioural response, Cswas = concentration at SWAS determined offline,
Chold = mean concentration in the first minute of the hold at SWAS, MAPE = mean
average percentage error between Cswas and Chold, S€VO = sevoflurane, prop =
propofol.

Agent  Thod (Min)  Crosr Cswas Chold Cswas-Chold MAPE (%) NuDESC
Subject 1 Sevo - 21 % - - - - 0
Subject 2 Sevo 135 1.0 % 25 % 26 % 0.1 % 4.1 0
Subject 3 Sevo - - 1.7 % - - - 7
Subject 4 Sevo 225 13 % 21 % 23 % 0.2 % 8.0 1
Subject 5 Sevo 204 11 % 1.8 % 23 % 0.6 % 25.5 0
Subject 6 Sevo 319 09 % 1.6 % 15 % 0.1 % 3.8 0
Subject 7 Sevo 205 12 % 19 % 22 % 0.4 % 15.8 0
Subject 8 Sevo 104 - 1.6 % 28 % 13 % 44.2 1
Subject 9 Prop - 1.6 pg/ml 1.8 pg/ml - - - 0
Subject 10  Prop - 1.6 pg/ml 3.5 pg/ml - - - 3
Subject 11 Prop 15.7 - 1.3 pg/ml 3.0 pg/ml 1.8 pg/ml 58.1 2
Subject 12 Prop 254 1.8 pg/ml 2.2 pg/ml 2.9 pg/ml 0.7 pg/ml 24.5 0

3.3.1.2 Real-time estimation of SWAS

With regard to the real-time titration, a stable hold at SWAS was achieved in six of
the eight patients in the sevoflurane group. In addition to Subject 1, who did not
reach SWAS at all, computer failure during the titration to SWAS in Subject 3
precluded identification of SWAS in real time. For the remaining six, the time from
the onset of the anaesthesia to the hold at SWAS, i.e., Thold, was mean+SD
20.0+6.9 minutes. The concentration during the first minute of the hold at SWAS,
I.e., Chold, was 2.3+0.5% (meanzSD) end-tidal sevoflurane.
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In the propofol group, a stable hold at SWAS was achieved in two of the four
patients. The failure to stabilise the propofol concentration at SWAS that occurred
in the first two patients was due to the delay in the drug effect and difficulty
targeting a specific effect site concentration without the use of target-controlled

infusion.

3.3.1.3 Post-hoc estimation of SWAS

Post hoc SWAS fits using the Bayesian sigmoid function (Equation 1 in Chapter 2)
for the 12 patients are shown in Figure 3.2. This off-line curve fitting showed that
SWAS was achieved in all patients, except Subject 1. This was due to an
insufficient concentration of sevoflurane (2.7% peak end-tidal concentration) being
achieved despite reaching the maximal output from the anaesthetic machine. This
was thought to be due to a mask leak. In that case, the end-tidal readings would
also be unreliable. While SWAS was not achieved in this patient, the expected
increase of slow wave power after loss of responsiveness did occur. For the
remaining seven patients in the sevoflurane group, Cswas was achieved at
sevoflurane end-tidal concentration of 1.6+0.7%. In the propofol group, the
meanzSD effect site concentration of Cswas was 2.2+1.0pg/ml. Pswas was
meanxSD 13.2+4.9dB in the sevoflurane group, 8.6£3.4dB in the propofol group,

and 11.5+4.8dB when combining the groups.

In the sevoflurane group, the MAPE of Chold relative to Cswas was 16.9+13.3%
(meanzSD). In the propofol group, the MAPE was 58.1% and 24.5% in each of the

two patients who established a hold.

56



Slow wave power (dB)

Slow wave power (dB)

Subject 1

»
=)

CLOBR

w
S

N
]

104 -
v

)

3 4

End-tidal sevofiurane (%)

Subject 2

C,

30+ CLOBR

SWAS

0 1 2 3
End-tidal sevoflurane (%)

Subject 5

30- CLOBR CSWAS

End-tidal sevofiurane (%)

Subject 3

30t CSWAS

0 1 2 3 4
End-tidal sevoflurane (%)

Subject 6

30+ CLOBR CSWAS

0 1 2 3 a4
End-tidal sevoflurane (%)

a0 Subject 7 o Subject 8 40 Subject 9
g c c c
Z 30 SWAS 30 LOBR SWAS
] \
3
°
%
[
>
o
=
- 3
°
a

: 20 R R R

4 0 1 2 3 4
End-tidal sevoflurane (%) End-tidal sevoflurane (%) Propofol ESC (p:g/ml)
4 Subject 10 % Subject 11 40 Subject 12
30 [ CLOBS\ 2 CSWAS 30 CSWAS 1 30t CLOBR CSWAS

Slow wave power (dB)

0 1 2 3 4 0 1 2 3 4
Propofol ESC (u:g/ml) Propofol ESC (pg/ml)

Propofol ESC (ug/ml)

Figure 3.2: Slow wave power plotted as a function of anaesthetic concentration,
with offline fits of the SWAS Bayesian sigmoid function (Equation 2). Ciogr is the
concentration at which each patient lost responsiveness to the modified IFT (first
negative response). Cswas is the concentration at SWAS defined as the 95% of
the plataeu of slow wave power.

Importantly, no patients responded to the IFT prompt after SWAS was achieved. In
three patients (subjects 3, 8, and 11), an accurate concentration of loss of
responsiveness could not be determined as the gap in concentration between the

last positive and the first negative response was too high (>0.5% sevoflurane or
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>0.5ug/ml propofol). The mean+SD concentration for loss of responsiveness,

CLosr, was 1.2+0.4% end-tidal sevoflurane and 1.6+0.1ug/ml of propofol.

A boxplot visualising the variability of the parameters that describe the SWAS
sigmoid curve, 1, s, t, and u, is shown in Figure 3.3. In the sevoflurane group,
meanxSD values for each parameter were: r = -1.3+2.6dB, s = 13.2+4.9, t =
1.4+£0.3% end-tidal, u = 0.12+0.04. In the propofol group, the mean+SD parameter

values were r = -3.6+1.0dB, s = 8.6£3.4dB, t = 1.5+0.2ug/ml, u = 0.19+0.21.
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Figure 3.3: Study 1 SWAS sigmoid parameter variability for the sevoflurane group
(top) and the propofol group (bottom). r is the initial slow wave power and s is the
slow wave power at saturation, t is the anaesthetic concentration at half-saturation,
and u is inversely related to the steepness of the sigmoid curve. The steepness of
the curve is calculated as tan™[(s — r)/4u ] in degrees. s-r is the change in slow
wave power.
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3.3.2 Study 2

3.3.2.1 Participants

In total, 24 participants attended all three sessions. Two EEG-MRI sessions were

aborted prior to onset of anaesthetic delivery due to computer failure; one

participant was re-enrolled and completed participation in the study at a later date.

Thus, 23 participants in total were administered sevoflurane guided by the SWAS

prototype system in the MRI scanner. An annotated spectrogram of the EEG for

an example subject is shown in Figure 3.4 to illustrate a typical anaesthesia EEG-

MRI session.

3.3.2.2 Real-time titration to SWAS
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Figure 3.4: Annotated spectrogram of the cleaned EEG acquired over the course
of the anaesthesia session from an example subject. Vertical black lines indicate
the beginning and end of each acquisition. Above each section is the label for the
corresponding acquisition. End-tidal sevoflurane concentration is plotted as the

thick black line against the right y-axis.
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Four sessions were aborted prior to the participants reaching deep levels of
sedation; three of these were due to excessive hyperexcitability around loss of

responsiveness and one due to airway obstruction.

One additional participant reached deep sedation, but excessive artefacts due to
snoring-induced movements within the magnetic field made slow wave power
estimates unreliable. For one further participant (Subject 13), the Cz electrode was
used to identify SWAS instead of the Fz electrode due to poor signal quality. This
participant was included in subsequent analyses involving Cswas, but not in

analyses of Pswas or the r, s, t, and u parameters.

Finally, in one participant end-tidal gas measurements were of insufficient quality
to model SWAS. In total, deep sedation and EEG signal quality sufficient to model
SWAS post-hoc was achieved in 18 participants (Figure 3.5). One session was
aborted due to concerns about the participant’s CO: levels after reaching SWAS,

but before neuroimaging at SWAS could be completed.

All participants lost behavioural responsiveness to beeps at a lower concentration
of sevoflurane than the concentration required to achieve SWAS. Furthermore, no

participants responded to the IFT when held at the SWAS end point.
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with offline fits to the SWAS Bayesian sigmoid function (Equation 2). Ciogr is the
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Figure 3.7: Study 2 SWAS sigmoid parameter variability. r is the initial slow wave
power and s is the slow wave power at saturation, t is the anaesthetic
concentration at half-saturation, and u is inversely related to the steepness of the
sigmoid curve. The steepness of the curve is calculated as tan™[(s — r)/4u ] in
degrees. s-r is the change in slow wave power.
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3.3.2.3 Post-hoc identification of SWAS

Individual post-hoc model fits for each participant are shown in Figure 3.5. CLosr
was meanzSD 1.09+0.31 and Cswas was 2.3810.44, with a SWAS response gap
of 1.30+0.51 (see Figure 3.6). A boxplot visualising individual SWAS sigmoid
parameter values is shown in Figure 3.7. Mean parameter values were r = -

2.8+3.4dB, s = 11.8+3.1dB, t = 1.4+0.3% end-tidal, u = 0.27+0.1.

3.3.2.4 Ability to hold participants at SWAS

A Bland-Altman analysis was performed to assess the agreement between Cswas
and the actual measured concentration during the ASL (Figure 3.8A), task FMRI
(Figure 3.8B), and resting state FMRI (Figure 3.8C) acquisitions. These were used
to inform inclusion in subsequent neuroimaging analyses reported in Chapter 3, 4,
and 5. As a whole, participants were held at a concentration that was higher than
that required to reach SWAS, as indicated by the 95% confidence interval around
the bias line (solid line) not overlapping with the line of agreement (dotted line).
From the Bland-Altman plot there is no apparent proportional bias, i.e., the degree
of agreement does not change over the range of measurements. The relative
deviation of the sevoflurane concentration measured during each MRI acquisition
and Cswas, calculated as the mean average percentage error (MAPE) is shown in

Figure 3.8D.

Overall, 15 of the 17 participants who completed neuroimaging at SWAS were

determined to be held at SWAS during the ASL and task FMRI acquisitions and 14
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of 17 during the resting state FMRI acquisition. This was defined as MAPE < 35%

if overshooting SWAS and MAPE < 10% if undershooting SWAS.
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Figure 3.8: Bland-Altman plots comparing Cswas estimated offline to the end-tidal
sevoflurane concentration measured during the ASL (A), task FMRI (B), and
resting state FMRI (C) acquisitions at SWAS. Bland-Altman plots visualise
agreement between two methods. In this case, the measured sevoflurane
concentration is compared to target concentration, i.e., Cswas. The line of equality
(dashed line) indicates perfect agreement between the methods. The bias (solid
line) indicates the mean deviation from the line of equality. The lines of agreement
(dotted lines) around the bias encompass 95% of measurements (£1.96 standard
deviations). The 95% confidence intervals (Cls) around the lines of agreement and
the bias are shown in grey. When the line of equality is outside the 95% CI around
the bias, the measures are significantly different. D: Violin plots showing individual
mean average percentage error between the end-tidal sevoflurane concentration
measured during the ASL, task FMRI, and resting state FMRI acquisitions at
SWAS.
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3.3.3 Factors predicting susceptibility to anaesthesia
We assessed the association between different individual factors and the SWAS

parameters (Cswas and Pswas) calculated post-hoc.

3.3.3.1 Age

In study 1, we found a significant negative correlation between age and Pswas, i.e.,
absolute slow wave power at SWAS, when analysing both groups together (r = -
0.76, p<0.05; Figure 3.9). There was no significant correlation between age and
Cswas. In study 2, there was no significant correlation between age and either

Pswas or Cswas (r = -0.35, p > 0.05).
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Figure 3.9: Correlation between age and slow wave power at SWAS (Pswas) in
Study 1 (sevoflurane and propofol group combined; r = -0.76, p<0.05).
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3.3.3.2 Personality traits

In Study 1, there were no questionnaire measures that were significantly

correlated with either CLosr or Cswas when adjusting for multiple testing (Table
3.2). However, when not correcting for multiple testing, Cswas was significantly

correlated with the STAI trait component (p = 0.03).

Table 3.2: Summary of correlation analyses between each Study 1 questionnaire
scale or sub-scale (rows) and Crogr (left column) and Cswas (right column). APAIS
= The Amsterdam Preoperative Anxiety and Information Scale, STAI Trait = State
and Trait Anxiety Inventory — trait component, PSQI = Pittsburgh Sleep Quality
Index, TAS = Tellegen Absorption Scale. P-values adjusted for Benjamini-

Hochberg false discovery rate.

CrLosr Cswas

r p r p
APAIS Anxiety -0.04 0.93| 0.28 0.49
APAIS Need For Information 0.62 0.44| 044 034
APAIS Last Night Sleep Quality 0.38 0.87| 036 041
STAI Trait -0.14 0.87| 0.65 0.19
PSQI 020 0.87| 045 0.34
TAS -0.15 0.87| 0.16 0.63

In Study 2, we found that there was a significant correlation between CLosr and

the “powerful others” subscale of the LOC inventory (Table 3.3). No other

guestionnaire scales were significantly correlated with either CLosr or Cswas when

correcting for multiple testing. However, if not correcting for multiple testing, there
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were significant correlations between Cswas and both the LOC internal control (p =

0.02) and chance (p = 0.02) subscales.

Table 3.3: Summary of correlation analyses between each Study 2 questionnaire
scale or sub-scale (rows) and Crogr (left column) and Cswas (right column). STAI =
State and Trait Anxiety Inventory, PSQI = Pittsburgh Sleep Quality Index, TAS =
Tellegen Absorption Scale, LOC = Locus of Control scale. P-values adjusted for
Benjamini-Hochberg false discovery rate.

Croer Cswas
r p r p
STAI Trait 0.01 0.69| 0.04 0.88
STAI State -0.17 0.36| 040 0.26
PSQI 0.07 0.69| 021 0.64
TAS 0.26 0.69| -0.17 0.64

LOC Internal Control 0.00 0.58| -0.53 0.08
LOC Powerful Others -0.66 0.03 0.26 0.57
LOC Chance -0.01 0.69| 054 0.08

3.4 Discussion

3.4.1 Time to achieve SWAS

On average it took 20 minutes from anaesthetic onset to the hold at SWAS. By
comparison, surveys of anaesthesia inductions have reported approximately half
that time from anaesthetic onset to being surgically ready in cases of tracheal
intubation and laryngeal mask placement (Koenig et al., 2011; Schuster et al.,
2008). While this is a substantial time difference, it is reasonable to expect that
first time application of a prototype will yield suboptimal performance, and that
improvements in technique and to the SWAS titration system itself can bring down

the time to SWAS. Nevertheless, as titrating to a brain-based endpoint is
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inherently more complex than current clinical practice, some added induction time

is to be expected even in an ideal scenario.

Anaesthetic room and operating theatre time is limited by economic constraints,
and therefore making efficient use of this time is a high priority for hospital
administrations. However, it has been noted that 5 to 15 minute changes to the
time spent in the anaesthetic room has a very small effect on operating room
efficiency (Dexter & Wachtel, 2006; Overdyk et al., 1998; Schuster et al., 2008).
Moreover, operating room costs are not the only costs associated with a surgery
(Macario et al., 1995). If approximately half of patients receive twice as much
anaesthesia as necessary, assuming complete perception loss at SWAS
(Warnaby et al., 2017), some costs could be recuperated by reducing the amount
of anaesthesia used. Furthermore, as over-anaesthesia has been found to predict
increased time to discharge, titrating to SWAS could reduce hospital costs
associated with post-operative recovery (Dexter et al., 1999). To properly assess
costs associated with titrating anaesthesia to SWAS compared to standard clinical

practice, a much more extensive clinical trial is needed.

3.4.2 Accuracy of SWAS titration

In Study 1, five of the six patients in the sevoflurane group that were held at SWAS
were held within 35% of SWAS, indicating relatively high accuracy. As
approximately 50% of patients receive twice as much anaesthesia as is required to
reach SWAS (Warnaby et al., 2017), this constitutes a significant improvement

over current clinical practice, assuming the dose required to reach SWAS is
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optimal. It is worth noting that the patient who had the largest overshoot, Subject
8, also had the shortest induction time. While anecdotal, it may be an indication of

a trade-off between time to SWAS and accuracy.

Comparatively, titrating propofol to SWAS proved more challenging. A stable hold
was achieved in only two of the four patients in the propofol group. Furthermore,
the MAPE for those two patients was higher than the average for the sevoflurane
group. The primary cause of this issue was the delay in anaesthetic action making
it challenging to prevent increased effect site concentration past the point of
SWAS, as opposed to a failure to detect SWAS. It is probable that this issue was
in part exacerbated by the decision to perform a manually-controlled infusion with
propofol PD/PK modelling within the prototype SWAS system instead of using
target-controlled infusion. However, due to the COVID-19 pandemic preventing
completion of the study, we were unable to explore improvements to the way we
titrated propofol to SWAS. This will now be the focus of a much larger clinical

study.

In Study 2, anaesthesia was titrated to SWAS so that neuroimaging could be
performed in the brain state of interest as opposed to a pre-determined
anaesthetic concentration. Therefore, it was crucial to ensure that the end-tidal
concentration measured during each MRI acquisition was close to SWAS. The
Bland-Altman analysis performed for each acquisition showed that participants
were on average at a slightly higher concentration than was required to achieve

SWAS. This was anticipated in advance, as one can only confirm saturation by
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seeing an increase in concentration with no increase in slow wave power.
Nevertheless, a total of 15 participants were within the threshold for inclusion in
analyses of the ASL and task FMRI acquisitions and 14 participants for the resting

state FMRI analyses.

3.4.3 Lack of behavioural responsiveness at SWAS

In Study 2, all participants lost responsiveness to beeps prior to reaching SWAS
(N=18). Moreover, in Study 1, no patients gave a positive IFT response after
reaching SWAS (N=11), and in Study 2 no participants responded to the IFT when
held at SWAS (N=15). This is in line with the study where SWAS was initially
discovered (Mhuircheartaigh et al., 2013), in which all participants lost
responsiveness to a word discrimination task at lower concentrations of propofol

than SWAS (N=16 and N=12).

While altogether these studies still represent a relatively small number of subjects,
and assessments of IFT responsiveness at SWAS in a larger sample is needed, it
is notable that in studies using commercial depth of anaesthesia monitors in
comparable samples fail to discriminate IFT responders and non-responders
(Linassi et al., 2018). A recent meta-analysis of studies assessing intraoperative
awareness using the IFT found across studies that 76 of 124 (61.2%) of patients
receiving brain monitor-guided anaesthesia responded to the IFT at any time
during anaesthesia, compared to 269 of 542 patients (49.6%) (Linassi et al.,
2018). One caveat is that almost all the included studies that used brain

monitoring used the BIS.
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Furthermore, it is worth noting that all except one of the studies in the meta-
analysis that included a BIS monitor had a target range within the recommended
range for preventing awareness under general anaesthesia (i.e., 40 to 60), with
reported incidences of positive IFT responses even towards the lower end of the
range. While targeting values below this range is possible, there is likely a trade-
off between preventing positive IFT responses and risking over-anaesthesia. The
anaesthetic concentrations required to achieve SWAS in the present studies are
considerably higher than those reported in studies included in Linassi et al. (2018).
However, all of the studies included an opioid co-induction agent, with the
exception of Zand et al. (2014), where the sevoflurane concentration used was
comparable to our studies. As opioids were not administered as part of the titration
to SWAS in the present studies, the effect of anaesthetic potentiation of the opioid
likely accounts for this difference, although a direct comparison of dosages is not

possible.

The BIS has been found to decrease below levels recommended to prevent
intraoperative awareness during administration of a neuromuscular block in fully
conscious individuals (Messner et al., 2003; Schuller et al., 2015). Beyond
implying that the BIS index doesn’t completely discriminate between conscious
and unconscious states, this is particularly problematic as neuromuscular blockers

are routinely co-administered alongside anaesthetic agents.

However, it should be noted that while the IFT is commonly interpreted to indicate

at least some degree of connected consciousness, it has been argued that the IFT
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doesn’t require consciousness equivalent to a fully conscious person (Pandit et al.,
2015). IFT responders often show no spontaneous movement, leading some to
argue IFT responses in absence of spontaneous movement to represent a distinct

brain state (“dysanaesthesia”) (Pandit, 2013, 2014).

Nevertheless, the IFT remains a gold standard for detecting intraoperative
awareness, particularly in the presence of neuromuscular blockers (Linassi et al.,
2018). However, cases of intraoperative awareness with recall are much more
prevalent than without recall, and whether intraoperative awareness without recall
is a clinical problem is controversial (Mashour & Avidan, 2015). It has been argued
that intraoperative awareness might have psychological sequalae such as PTSD
even in the absence of recall (M. Wang et al., 2012). Besides clinical
considerations, there is also a philosophical question whether intraoperative

awareness without recall is ethically tenable (Mashour & Avidan, 2015).

The clear dissociation of loss of responsiveness and SWAS suggests that SWAS
either meets or exceeds these clinical and ethical requirements for loss of
awareness, and therefore further supports SWAS as a clinical target for titration of
anaesthesia. However, behavioural responsiveness at SWAS has yet to be
assessed while maintaining anaesthetic concentrations to individual SWAS levels
during surgical procedures in the presence of opioids and neuromuscular blockers.
This will be a key clinical outcome measure in future development of the SWAS

metric as a clinical endpoint for anaesthesia delivery.
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3.4.4 Relationship between responsiveness and SWAS

Interestingly, there was no correlation between CLoer and Cswas in either study.
This implies that the concentration of anaesthesia required at each stage in the
transition from wakefulness through loss of responsiveness to SWAS is not
proportional from individual to individual. If SWAS indeed constitutes a state of
perception loss under general anaesthesia, this further emphasises the distinction
between loss of responsiveness and loss of consciousness (Sanders et al., 2012).
Loss of responsiveness has previously been linked to loss of stimulus-evoked
activity in the dorsal anterior insula (Warnaby et al., 2016), from which the authors
hypothesised that anaesthesia induces loss of responsiveness from a loss of
selfhood. Moreover, this has implications for what is meant by susceptibility to
anaesthesia, as one’s relative susceptibility to becoming unresponsive may be

different from one’s relative susceptibility to loss of consciousness.

3.4.5 Susceptibility to anaesthesia

Different individuals require different doses of anaesthesia in order to lose
conscious perception of the outside world. This is partly due to different amounts
of anaesthesia being required to achieve the same effect site concentration.
However, even when accounting for this, some individuals are more susceptible to

anaesthesia than others.

We found that having low faith in powerful others was associated with requiring a
higher anaesthetic dose to lose responsiveness to beeps. This is in line with a

previous study in women undergoing minor gynaecological surgery, where low
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faith in powerful others predicted increased requirement of propofol anaesthesia
dose to induce loss of consciousness (operationalised as loss of eyelash reflex)
(Abbott & Abbott, 1995). Although not significant after correcting for multiple
testing, we found an indication that people who had low internal locus of control
may require a higher dose of sevoflurane to reach SWAS. This goes against our
hypothesis and is in contrast to Abbott and Abbott (1995), who found that high
internal locus of control predicted increased requirement of anaesthesia. However,
we found no association between internal loss of control and loss of behavioural
response, which may be a closer analogue to the loss of eyelash reflex definition

used in their study.

No other questionnaire measures in our study were significantly correlated with
either loss of responsiveness or SWAS. However, we note that if not correcting for
multiple testing, Cswas was positively correlated with the STAI trait component in
Study 1 and the state component in Study 2. Considering the relatively low sample
size with respect to questionnaire data, and as there has previously been found a
relationship between anaesthetic susceptibility and worry about anaesthesia
(Abbott & Abbott, 1995), anxiety remains a trait of interest for future development

of SWAS in larger samples.

3.4.6 Informing SWAS model initiation for real-time operation
Inherent to the Bayesian formulation of the SWAS model is that initial values for
each of ther, s, t, u, and T parameters have to be set (i.e., the priors). The model

includes an error term that determines the degree to which the model trusts the
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data versus the prior, which allows dynamic compensation of imperfect initial
values. Regardless of this, any improvement that can be made in accurately
defining the initial state of the model is key to more efficiently titrating anaesthesia

to SWAS.

The r parameter simply reflects slow wave power at baseline and can therefore be
measured before onset of anaesthesia delivery without requiring extra equipment.
This was shown to be viable in practice in both Study 1 and Study 2, where
baseline measures of slow wave power were acquired and used as the initial value

forr.

The s parameter reflects slow wave power at SWAS, i.e., Pswas. Therefore, factors
that influence or are predictive of individual Pswas can be used to inform the initial
value of the s parameter. We found a strong negative correlation between Pswas
and age in Study 1 (r = -76). This finding replicates previous work in our lab, in
which a similarly strong relationship was found (r = 0.6) (Warnaby et al., 2017).
Although it was trending in the same direction, no significant correlation between
Pswas and age was found in Study 2. However, this could be explained by the age
range in Study 2 being much narrower (age range 19 to 35, meanz=SD 24.5+4.8)
compared to Study 1 (24 to 57, mean+SD 46.6+10.1) and Warnaby et al. (2017)
(age range 18 to 90). Therefore, age is an easily obtainable variable that could
improve initialisation of s. However, slow wave power at baseline was not
significantly correlated with slow wave power at SWAS and is therefore unlikely to

be useful for setting the initial value for s.
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We can also theorise further predictions that could not be assessed in the present
studies. Firstly, co-administered opioids are known to potentiate anaesthetic action
so that a lower concentration of the hypnotic agent is required to achieve loss of
responsiveness (Bouillon, 2008). Similarly, co-administration of opioids have been
found to reduce the anaesthetic concentration required to reach SWAS (Warnaby
et al., 2017). Consequently, the concentration at half-saturation, t, is proportionally
reduced. Additionally, as Pswas is not different with and without co-administration
of opioids (Warnaby et al., 2017), the slope of the sigmoid curve would likely also
increase. Therefore, in future application of the model with co-administration of

opioids, the initial values of t and u should be adjusted.

In conclusion, the real-time SWAS prototype system for titrating anaesthesia to
SWAS was successfully applied in a pre-surgery study and a laboratory EEG-MRI
study. No patients or participants were responsive when held at their SWAS
endpoint or had any recollection of events that occurred after being titrated to
SWAS. When corrected for multiple comparisons in this small sample, faith in
powerful others was the only personality trait that correlated with measures of
anaesthetic susceptibility. However, internal control and chance LOC subscales,
as well as state and trait anxiety, stood out as traits of interest to investigate in
larger samples. Finally, it was discussed how initialisation of the real-time SWAS
model could be improved by measuring baseline slow wave power, predicting slow

wave power at SWAS from age, and accounting for co-administered opioids.
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4 Altered cerebral blood flow at SWAS

4.1 Introduction

Anaesthetic agents differ significantly in their pharmacological properties and their
influence on the body’s physiology. FMRI has been used to study anaesthesia-
induced loss of consciousness, either at rest (e.g. Palanca et al., 2015) or in
response to stimulation (e.g., Mhuircheartaigh et al., 2013). Changes in the FMRI
blood oxygenation level dependent (BOLD) signal are used as a proxy for changes
in neuronal activation (or deactivation) due to anaesthesia (Logothetis & Wandell,
2004). However, alterations in cerebral blood flow (CBF) of non-neuronal origin
can potentially confound these resting-state or task-based FMRI analyses
(Aksenov et al., 2015; van Alst et al., 2019). Accounting for these non-neuronal
CBF changes is therefore important for the study of anaesthesia-induced loss of
consciousness. It also has additional relevance for the field of animal

neuroimaging where anaesthesia is often used for sedation (Austin et al., 2005).

Several different techniques have been used to assess changes in CBF due to
anaesthesia, including transcranial Doppler flowmetry (TCD) (Conti et al., 2006;
Matta et al., 1999), near infrared spectroscopy (NIRS) (Kondo et al., 2016), and
positron emission tomography (PET) (Kaisti et al., 2002, 2003). Comparing across
techniques, it is clear the various anaesthetic agents have differential effects on
CBF. Furthermore, in the case of volatile (inhalational) anaesthetics, there are
complex dose-dependent interactions due to direct and indirect drug effects (Matta
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et al., 1995, 1999). Arterial spin labelling (ASL) is a non-invasive MRI technique
that allows the quantification of cerebral CBF on conventional MRI scanners
without the need for specialised hardware. It is, therefore, an ideal choice to be
used alongside FMRI to quantify changes in cerebral vasculature due to
anaesthesia. Despite this, ASL has seen only limited application in the study of
anaesthesia in humans (Qiu et al., 2008; Ramani et al., 2007; Saxena et al.,
2019) and rarely at anaesthetic doses that would be used to during surgery (Makki

et al., 2019; Qiu et al., 2017).

As discussed in Chapter 1 (Section 1.3), anaesthesia and other altered states of
consciousness induce profound changes in the spectral content of the brain’s
electrical activity, as can be measured non-invasively using
electroencephalography (EEG) (Purdon, Sampson, et al., 2015). However, the
neurophysiological relationship between electrical activity and cerebral blood flow
has not been fully explored, especially under anaesthesia. During wakeful resting,
a frequency-specific coupling between EEG power and CBF has been found, with
lower frequencies being negatively correlated with CBF (O’Gorman et al., 2013).
Slow waves during sleep have also been found to be negatively associated with
CBF in the prefrontal cortex and positively correlated with CBF in the lingual gyrus

(Tashaus et al., 2017).

As part of our combined EEG-MRI study in healthy volunteers undergoing
sevoflurane anaesthesia, we developed a novel pulsed arterial spin labelling

(PASL) sequence that was compatible with concurrent EEG recordings to assess
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changes in the global and regional CBF under sevoflurane anaesthesia. As
mentioned earlier, anaesthesia was titrated to the SWAS endpoint on an individual
basis using real-time EEG feedback. This controls for inter-individual differences in
anaesthetic susceptibility and allows us to identify dose-dependent CBF effects in
a common brain state. Finally, we assessed the relationship between EEG slow
wave power at SWAS and changes in cerebral blood flow during sevoflurane

anaesthesia.

4.2 Materials and methods

All data that are analysed in this chapter were acquired as part of Study 2, as
described in Chapter 3 (Section 3.2.3). The data presented here were acquired in
three conditions over the two sessions. In the evening baseline session, ASL data
were acquired while the participants were awake breathing room air (awake air
condition). In the anaesthesia session, ASL data were collected when participants
were breathing 100% oxygen (awake O2 condition) and anaesthetised with a
sevoflurane and 100% Oz mix delivered to the SWAS EEG endpoint (SWAS

condition).

4.2.1 Data acquisition

4.2.1.1 MRI

All MRI data were acquired in a Siemens 3T Prisma MR scanner with a 64-
channel head coil. For both sessions, subjects were positioned with the isocentre
shifted 4cm axially towards the feet relative to the standard inion position. This is

in line with current best practices for concurrent EEG-MRI (Mullinger et al., 2013).
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We developed a new EEG compatible, single-delay pulsed arterial spin labelling
(PASL) sequence, which is compliant with the current White Paper
recommendations (Alsop et al., 2015). This contribution was made by Prof. Mark
Chiew. PASL sequences magnetically label blood water travelling through brain-
feeding arteries by inverting the blood magnetisation using a relatively short radio
frequency pulse. In our sequence, the duration of this inversion pulse is extended
relative to a standard inversion pulse so that the peak radio frequency voltage is
reduced (see Figure 4.1). This results in lower power deposition to the EEG
electrodes and amplifier, reducing the likelihood of amplifier saturation resulting in

data loss, as well as electrode heating and damage to the amplifier.

Spatial | | Inversion Bolus Saturation Imaain |
Saturation (Q2TIPS) ging
Standard Inversion Low Power Inversion (1.5x duration)

RF Voltage

A

Figure 4.1: Schematic of the novel EEG compatible pulsed arterial spin labelling
(PASL) sequence. The sequence uses a longer duration (1.5x) but lower power
inversion pulse compared with standard PASL techniques to ensure that radio
frequency (RF) voltage is kept within safe limits and does not cause unnecessary
tissue heating at the EEG electrode sites.

The 5 minute PASL sequences had the following parameters: bolus duration =
0.8s, inversion time = 1.8s, single shot echo planar imaging (EPI), repetition time

(TR) = 3s, echo time (TE) = 56ms, 6/8 partial Fourier, FOV = 224 x 224, matrix
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size = 64 x 64, 20 ascending slices, slice thickness = 6mm, slice gap = 10%, slice
acquisition time = 46.5ms, 50 tag-control pairs. The bolus duration was fixed using
QUIPSSII. An initial proton-density-weighted calibration image without labelling or
background suppression, but otherwise identical parameters to the PASL images,

was also acquired.

A Ti-weighted structural image was acquired in the baseline session for the
purpose of registration and tissue-type segmentation with the following
parameters: TR = 2500ms, TE = 4.7ms, flip angle = 8°, voxel size = 1mm?.
Gradient-echo field map images for correction of Bo distortions were acquired
before each PASL acquisition using the following parameters: TR = 482ms, TE =

4.92/7.38ms, voxel size = 2mm?3, 49 interleaved ascending slices, flip angle = 46°.

4.2.2 Data analysis

4.2.2.1 Quantification of absolute CBF

For each subject, a high resolution Ti-weighted structural image was skull-stripped
and tissue-type segmented using fsl_anat (Woolrich et al., 2009). Pre-processing
of the ASL tag-control images for each condition was performed in BASIL
(Chappell et al., 2009). A brain mask in ASL space was generated by linearly
registering each subject’s brain-extracted structural image to the ASL data.
Corrections were applied for motion and EPI distortions (Jenkinson et al., 2002).
Finally, pair-wise subtraction of tag-control image pairs was performed to generate

CBF-weighted images.
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Kinetic modelling of the labelled blood-water was applied to the tag-control
subtracted images was performed for quantification of regional CBF. BASIL default
parameter values for PASL data acquired at 3T were used (arterial transit time =
0.7s, Tlissue = 1.3s). For the scans acquired awake breathing room air, a T1biood =
1.65s was used (Zhang et al., 2013). For the acquisitions awake with Oz delivery
and at SWAS, a Tloiood = 1.49s was used (Siero et al., 2015). Since QUIPSSII was
used to fix the bolus duration, automatic estimation of bolus duration was not
performed. As is appropriate with single-delay ASL data, correction for macro-
vascular contamination was not applied nor was the arterial transit time estimated

from the data.

Equilibrium magnetisation of arterial blood was estimated from the cerebrospinal
fluid using a ventricle reference region in the calibration image. Lateral ventricle
masks were generated from individual Ti-weighted images and transformed into
ASL space. Where automated mask generation failed, ventricle masks were drawn
in ASL space manually. To account for the PASL images being acquired with a
non-zero echo time, corrections for T2 decay was applied using BASIL default
parameters (T2csr = 750ms, T2bi0od = 150ms). Colil sensitivity was corrected for
using bias field maps generated from individual T1-weighted images. Finally,
quantification of CBF in absolute units was performed, assuming an inversion

efficiency of 0.98.

To increase accuracy of voxel-wise grey matter CBF estimates for calculation of

whole-brain median grey matter CBF, partial volume correction was applied
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(Chappell et al., 2011). Partial volume estimations from individual T1-weighted

images were generated with fs|_anat and transformed to ASL space by BASIL.

4.2.2.2 Offline EEG processing and analysis

EEG data recorded during the ASL acquisitions were cleaned up offline for
gradient artefacts using moving template subtraction (Allen et al., 2000) in
BrainVision Analyzer version 2.1 (BrainProducts GmbH), as was done for the EEG
recorded during the transition from awake to SWAS reported in Chapter 3 (Section
3.2.4.1). Separate moving templates were generated for tag and control ASL
images. The EEG data was then downsampled to 1kHz and cardioballistic artefact

correction was also applied using moving template subtraction (Allen et al., 1998)

Further off-line EEG analysis was performed in MATLAB (MathWorks Inc.). The
same processing steps that were applied to the EEG used for SWAS sigmoid
curve fitting (see Section 3.2.4.1) was used for the EEG recorded during the ASL
acquisition. In summary, A 6" order zero-phase bandpass (0.1-45Hz) Butterworth
filter was applied to each data segment prior to spectral decomposition using
spectrogram.m (4s window, 3s overlap, 0.25Hz frequency bin size). The average
of the frequency bins constituting the slow wave (0.5-1.5Hz) frequency bands was
calculated for each window. Finally for each subject, the average slow wave power
over all windows was calculated for time periods corresponding to the awake

breathing Oz and at SWAS ASL data acquisitions.
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4.2.2.3 Physiological data

Peaks in the pulse and respiratory traces were identified using FSL’s PNM tool
(Brooks et al., 2008) and used to calculate mean heart rate and respiration rate for
each subject and all conditions. Mean fractional inspired Oz (FIO2) and end-tidal
CO:2 (ETCO2) values for the awake breathing O2 and at SWAS conditions were
calculated for each subject. For each physiological parameter, statistical testing

was performed using paired t-tests.

4.2.3 Statistical testing

4.2.3.1 Quantification of CBF changes

Absolute CBF maps were generated in native ASL space for the awake air, awake
02, and SWAS conditions for each subject. These were transformed from native
space to structural and Montreal Neurological Institute (MNI) space for group

analyses using FNIRT (Andersson et al., 2007).

Median grey matter CBF was calculated for each individual from partial volume-
corrected grey matter CBF maps. As CBF estimates are more accurate in voxels
with one predominate tissue type, only voxels with >80% grey matter were
included (BASIL default threshold). Paired t-tests for each pairing of the three
conditions were run using permutation testing in FSL’s randomise (Npermutations =
5000). Correction for multiple testing was achieved using Threshold-Free Cluster
Enhancement (TFCE) with default parameters (H=2, E = 0.5, and C =6) and a

corrected voxel-wise significance threshold of p<0.05. Voxel-wise percentage
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change in CBF from awake Oz to SWAS was also calculated for each subject in

standard space and averaged to generate a group map.

4.2.3.2 Correlations with slow wave power

Correlation analyses between individual EEG slow wave power estimates and
whole-brain voxel-wise CBF estimates were performed for the O2 and SWAS
conditions. An additional correlation analysis between the change in slow wave
power and change in CBF between the two conditions was also performed.
Statistical testing was carried out using permutation testing (Npermutations = 5000)

with TFCE for cluster-based correction and a significance threshold of p<0.05.

4.3 Results

A total of 15 participants (age mean+SD 24.5+4.8; nine female) were included in
the final group level analyses. The mean slow wave power (£SD) across subjects
during ASL data acquisitions rose significantly from 2.8 (x 3.4) dB before

anaesthesia delivery to 11.8 (+ 3.1) dB at SWAS (p<0.001).

There was no significant difference in the measured inspired oxygen between
wakefulness (mean+SD = 88.46+15.91%) and at SWAS (meanzSD =
91.51+6.89%, p>0.05). However, end-tidal CO2 (ETCO2) levels at SWAS
(mean+SD = 50.04+16.33 mmHg) were significantly elevated compared to awake
breathing Oz (mean+SD = 37.46+3.74 mmHg, p<0.001). The respiration rate was
significantly elevated at SWAS (mean+SD) compared to awake Oz (mean+SD,

p<0.001), but there was no significant difference in heart rate due to the
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sevoflurane anaesthesia (awake O2 mean+SD 59.8+12.2 beats/min vs. SWAS

65.8+14.5 beats/min, p>0.05).

4.3.1 Changes in cerebral CBF with sevoflurane anaesthesia

Whole-brain cerebral blood CBF maps for the three conditions (awake room air,
awake O2 and SWAS) are shown in Figure 4.2A. The median grey matter CBF
was significantly decreased when awake breathing O2 (median = 40.5
ml/min/100g, IQR = 13.8) compared to awake breathing room air (median = 53.2
ml/min/100g, IQR = 10.3, p<0.05). Conversely, the median grey matter CBF at
SWAS (median = 72.7, IQR = 14.7) was significantly elevated above both the O2
(p<0.001) and room air conditions (p<0.001). Median values were used because
the distribution of grey matter CBF values was non-normally distributed (Figure

4.2B).
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Figure 4.2: Mean absolute blood CBF for the room air, Oz, and SWAS conditions
A) Voxel-wise group mean absolute CBF. Whole-brain absolute CBF maps are not
corrected for partial volume effects by convention. B) Distribution of voxel-wise
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grey matter CBF corrected for partial volume effects, with voxels with <10% grey
matter excluded from the histograms. The solid line indicates the group median,
and the shaded area indicates the inter-quartile range.

Voxel-wise statistical testing revealed significant regional alterations in CBF
between conditions (Figure 4.3A). When awake breathing oxygen, there was
reduced grey matter CBF in several localised regions when compared with
breathing air. In particular, reduced CBF was observed in the bilateral medial
occipital cortices, the parietal lobe, the posterior cingulate gyrus, the thalamus,

and the lateral frontal cortex including the precentral gyrus (Figure 4.3A).

When comparing the wakeful breathing room air to the SWAS contrasts, some
regional increases in grey matter CBF were apparent at SWAS (Figure 4.3B).
These included CBF increases in the bilateral occipital and temporal cortices, the
cingulate cortex, the supplementary motor cortex, the inferior prefrontal cortex, the
cerebellum, the thalamus and the brainstem. While the CBF increases were
largely bilateral, there were more widespread CBF increases in the left
hemisphere. For example, CBF increases were present in the left primary
somatosensory cortex, the motor cortex, and the premotor cortex were absent in

the corresponding regions in the right hemisphere.
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Figure 4.3: Alterations in cerebral blood flow due to sevoflurane and oxygen
delivery. A) Group averaged statistical maps showing statistically significant
changes in median grey matter CBF values (p<0.05) between contrasts. Only the
contrast displayed here showed significant changes. B) Between-subject median
grey matter CBF values corrected for partial volume effects. Individual grey matter
CBF means were calculated from pure grey matter voxels which were defined as
voxels with >80% grey matter.

When comparing wakeful breathing O2 to SWAS (i.e., exploring the effect of
sevoflurane), there were widespread increases in CBF at SWAS across all cortical
and subcortical grey matter regions. Furthermore, no brain regions displayed any
significant decreases in CBF. The largest regional percentage increases in grey
matter CBF due to sevoflurane anaesthesia were found in the thalamus and the

cerebellum Figure 4.4.
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Figure 4.4: Regional percentage increases in grey matter CBF due to sevoflurane
anaesthesia. The figure shows the group average voxel-wise percentage change
in CBF from the O> to SWAS conditions in MNI space.

As noted above, end-tidal CO2 was significantly elevated at SWAS compared to
awake Oz (Figure 4.5A). However, there was no significant correlation between the
median grey matter CBF percentage change and the change in end-tidal CO:2

between the conditions across subjects (Figure 4.5B).
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Figure 4.5: End-tidal CO2 changes and their relationship with grey matter CBF
increases under anaesthesia. A) Boxplots showing the significant change in end-
tidal CO2 due to the sevoflurane anaesthesia where *** indicates p<0.001. B)
Scatterplot showing the relationship between percentage change in grey matter
CBF and the change in end-tidal CO: levels between the O2 and SWAS
conditions.
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4.3.2 Relationship between cerebral CBF and EEG power

At SWAS, slow wave power was significantly negatively correlated with CBF in
several brain regions (Figure 4.6). These included the bilateral medial frontal
cortices, the paracingulate gyrus, the frontal pole, the middle temporal gyrus, the
right temporal occipital fusiform cortex, the right superior frontal gyrus, and the
right lingual gyrus. In contrast, there were no significant correlations found

between slow wave power and CBF while participants were wakeful breathing Oz.

Figure 4.6: Relationship between CBF and slow wave EEG power at the SWAS
endpoint. The figure shows the negative correlation between voxel-wise cerebral
blood flow and slow wave EEG power (0.5-1.5Hz) at the Fz electrode when
participants were held at SWAS. Only t-stat values for statistically significant
voxels (TFCE-corrected p<0.05) are plotted. In this analysis, the t statistic is
monotonically related to the Pearson’s correlation coefficient.

4.4 Discussion

In this study, we used a novel EEG-compatible PASL sequence to show large
alterations in grey matter CBF under deep sevoflurane anaesthesia. We
standardised the level of deep sevoflurane anaesthesia by identifying maximal
slow wave power increase on an individual subject basis using real-time EEG
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feedback. We compared changes in cerebral CBF at SWAS to wakefulness when
breathing either room air or 100% O2. To our knowledge, our study is the first to
use ASL to quantify the effect of surgical levels of sevoflurane on cerebral blood
CBF. Previous ASL studies of sevoflurane used either sub-anaesthetic doses
(0.25 MAC) (Qiu et al., 2008; Ramani et al., 2007) or did not include an awake

control condition (Venkatraghavan et al., 2016).

During surgical anaesthesia, oxygen is routinely administered alongside the
anaesthetic to reduce the risk of hypoxia. We found that inducing hyperoxia during
wakefulness by delivering 100% O: significantly reduced grey matter CBF overall,
particularly in the medial occipital lobe, the parietal lobe, the posterior cingulate
gyrus, the thalamus, as well as regions of bilateral lateral frontal cortex including
the precentral gyrus. These results are in agreement with previous studies of
hyperoxia using both ASL (Bulte et al., 2007) and other methods (Rostrup et al.,
1995, 2000; Watson et al., 2000). We did not measure end-tidal CO2 in the room
air condition, and therefore cannot perform a direct comparison to CO:2 levels in

the O2 condition.

At SWAS, when participants were breathing a mix of sevoflurane and Oz, we
observed a large increase in grey matter CBF relative to wakeful breathing of
either room air or O2. In other words, the addition of sevoflurane at concentrations
sufficient to induce deep sedation not only cancelled out the decrease in CBF due
to hyperoxia, but also significantly elevated grey matter CBF well above normoxia

levels. Whole-brain CBF maps revealed a global elevation of grey matter CBF in
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both cortical and subcortical regions at SWAS compared to wakeful breathing of
O2. When comparing wakeful breathing of room air to SWAS, there were
widespread but also more regional increases in grey matter CBF. These were
localised to occipital and temporal regions, the medial and inferior frontal cortices,
the cerebellum, and subcortical grey matter regions including the thalamus and

brainstem.

Previous studies on the effect of sevoflurane anaesthesia on CBF using a range of
measurement techniques have yielded inconsistent findings (Table 4.1). Some
studies, in agreement with our results, some studies report that sevoflurane
increased CBF (Bundgaard et al., 1998; Kolbitsch et al., 2000, 2001; Kondo et al.,
2016; Matta et al., 1999). However, a number of other studies have reported
unchanged (Ramani et al., 2007) or decreased CBF (Cho et al., 1996; Conti et al.,
2006; Kaisti et al., 2002, 2003; Mielck et al., 1999). Furthermore, some studies
suggest a non-linear effect, where CBF is reduced at low concentrations of
sevoflurane, but then return to near-baseline levels at higher concentrations (Conti
et al., 2006; Kaisti et al., 2002). In line with our results, other studies suggest that
sevoflurane may have differential effects on CBF across the brain. Kaisti et al.,
(2002) reported whole-brain reductions in CBF at 2% end-tidal, only frontal cortex,
thalamus, and cerebellum exhibited a rebound at higher sevoflurane
concentrations. At sub-anaesthetic doses of sevoflurane, Qiu et al., (2008)
reported spatial non-uniformity with both regional increases and decreases in
CBF. Finally, studies manipulating the level of CO:2 at a steady sevoflurane

concentration have reported decreased CBF under hypocapnic and normocapnic
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conditions and increased under hypercapnic conditions relative to baseline (Cho et

al., 1996; Mielck et al., 1999).

This complex picture is likely due to a combination of factors. Firstly, the effect of
sevoflurane on cerebral blood flow is dependent on the balance between
vasoconstriction indirectly due to flow-metabolism coupling (Hansen et al., 1989)
and vasodilatory effects through direct action on vascular smooth muscles
inherent to the agent (Conti et al., 2006; Matta et al., 1995, 1999). Secondly, the
effect of the agent can influence other physiological effects, such as the end-tidal

CO:2 concentrations.

In our study, we observed a significant increase in end-tidal CO2 from wakefulness
breathing Oz to SWAS (Figure 4.5A). However, we did not find a significant
correlation between end-tidal CO2 and CBF (Figure 4.5B). Importantly, this
analysis did not take into account the concentration of sevoflurane. In the healthy
brain, CBF is tightly regulated to meet metabolic demand, primarily through
cerebral autoregulation (Armstead, 2016). Even in the absence of an anaesthetic,
hypercapnia is a potent vasodilator and causes elevated CBF (Tancredi & Hoge,
2013; Zhou et al., 2015), with 5% CO: inhalation causing a 50% increase in CBF
(Kety & Schmidt, 1948). The most important mechanism through which CO2
causes increased CBF appears to be related to extracellular H* acting on vascular
smooth muscle to cause vasodilation (Kontos et al., 1977). Considering the well-
established relationship between CO2 and CBF, it is possible that a multivariate

analysis including both CO2 and sevoflurane concentrations would show a
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significant relationship between CO2 and CBF in our study. However, the
percentage change in CBF in our study was higher than what has previously been
found with comparable increases in end-tidal COz2 in hypercapnic challenges
without anaesthesia (Zhou et al., 2015). Therefore, it is likely that the elevated
CBF levels we observe in our study is in part driven by hypercapnia secondary to
the anaesthetic. Therefore, the whole brain analyses of the effects of sevoflurane
on CBF are limited by not including end-tidal CO2 as a regressor, as we cannot

disentangle the contribution of sevoflurane and CO:zin the overall change in CBF.

94



Kety-

positron emission

Xenon 113 tracer, K-S

arterial spin labelling, NIRS = near-infrared spectroscopy.

Transcranial Doppler ultrasound, Xel113

Schmidt technique, ceMRI = contrast enhanced MRI, PET

tomography, ASL

fractional inspired oxygen, PaO: = partial pressure of oxygen in arterial blood,

Table 4.1: Overview of studies on the effect of sevoflurane on CBF. FIO,

TCD
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General anaesthesia is associated with altered EEG power in several frequency
bands. Moreover, different anaesthetic agents have different frequency
characteristics (Purdon, Sampson, et al., 2015). Understanding the functional
significance of anaesthesia-induced EEG changes is an active area of research.
Therefore, combining EEG with MRI is often desirable in neuroimaging studies of
anaesthesia. However, due to the risk of electrode heating, great care must be
taken when combining these techniques, particularly when applied to unconscious
subjects. Compared to other labelling standards such as pcASL, PASL sequences
have lower power deposition, reducing the risk of electrode heating during
simultaneous MRI data acquisition. To further mitigate this risk, the ASL sequence
we developed for this study features an extended inversion pulse compared to

standard PASL sequences.

Other more generally recommended blood labelling approaches such as pseudo-
continuous ASL (pcASL) employ long labelling durations (=1800ms) to maximise
signal-to-noise ratio. However, as a consequence the labelling efficiency is
dependent on the blood-water flow rate through the labelling plane (Aslan et al.,
2010). This is problematic when an intervention alters the velocity of blood in the
feeding arteries, such as the administration of anaesthesia. Conversely, pulsed
ASL (PASL) sequences use a very short radiofrequency pulse (=10ms) to label the
blood-water, rendering the effect of flow rate negligible. Consequently, PASL is
likely a more appropriate labelling approach when applied to neuroimaging of
anaesthesia, despite having some downsides compared to pcASL, particularly

lower signal-to-noise ratio.
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We found that there was a negative correlation between slow wave power and
CBF in the medial prefrontal cortex and temporal lobe when held at SWAS. These
regions overlap with regions where CBF has previously been found to be
negatively correlated with slow waves during non-REM sleep (Dang-Vu et al.,

2005; Tushaus et al., 2017).

During eyes-closed resting wakefulness, we were unable to detect any significant
between subject CBF correlation with any EEG frequency band. This is in contrast
to a previous study which found that delta EEG power (1-4Hz) was found to be
negatively correlated with CBF (O’Gorman et al., 2013). The reason for this
discrepancy is unclear but, while both studies used similar numbers of participants
and duration of the ASL recording, there were several other methodological
differences. In our study, participants were breathing 100% Oz and we recorded
concurrent EEG and PASL, whereas O’Gorman and colleagues (2013) recorded

EEG outside the MRI and employed pcASL.

Furthermore, there is precedent for a negative relationship between CBF and slow
wave activity in pathological states. Notably, in ischemic stroke there is a general
slowing of the EEG and increases in slow frequencies with reduced CBF (Rabiller
et al., 2015). However, it is important to note that while the direction of the
correlation was the same, unlike ischemic stroke where CBF levels drop below

normal, all participants in our study exhibited CBF levels above baseline.
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We note a few limitations to this ASL analysis. Firstly, as we targeted a specific
brain state, SWAS, we only measured CBF at one sevoflurane concentration in
each subject. Our initial study protocol included a PASL acquisition during the hold
at loss of responsiveness, but this had to be taken out because an unacceptably
high number of sessions having to be aborted due to hyperexcitability. This was
potentially elicited by a change in scanner noise due to the change in MRI data
acquisition sequence. Secondly, as ASL is not well suited to estimating white
matter CBF, our analyses focus on grey matter CBF. Finally, for the correlation
analysis between CBF and slow wave power, we only used slow wave power at a

single, frontal electrode.

In conclusion, our results show that sevoflurane anaesthesia delivered to SWAS
significantly elevated cerebral blood CBF compared to wakefulness. The brain
regions with the highest relative increase in CBF from wakeful breathing of 100%
02 to SWAS were the thalamus and cerebellum. Additionally, concurrent EEG-ASL
revealed that slow wave power at the Fz electrode was negatively correlated with

CBF in the prefrontal cortex.
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5 Disruption of pain- and auditory processing at SWAS

5.1 Introduction

Pain is the phenomenological, conscious experience of real or perceived noxious
input. This is distinct from nociception, i.e., the neural encoding and processing of
the noxious stimulus. The International Association for the Study of Pain defines
pain as “An unpleasant sensory and emotional experience associated with, or
resembling that associated with, actual or potential tissue damage” (Raja et al.,
2020). While pain serves an important evolutionary function in promoting
avoidance behaviours, in the context of surgery, pain is an undesirable
consequence of the surgical intervention. Intense experience of unavoidable pain
can be deeply distressing, contributing to the prevalence of long term
psychological disorder following instances of intra-operative awareness (Leslie,
Chan, et al., 2010). Therefore, preventing awareness of painful surgical stimulation

is a primary objective of anaesthesia.

Pain perception is influenced by many factors, including memories, emotions,
genetics, and cognition (Tracey & Mantyh, 2007). Consequently, even a simple
nociceptive stimulation elicits responses in a distributed network of brain regions
involved in different aspects of nociceptive and pain processing. In general, pain
perception involves activation in both sensory regions (e.g., the primary

somatosensory [S1] cortex, secondary somatosensory [S2] cortex, thalamus) and
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higher order regions including the insula, anterior cingulate cortex (ACC) and

prefrontal cortex (Kong et al., 2010).

In surgical anaesthesia, the analgesic component of the triad of anaesthesia is
usually provided by an opioid (Egan, 2019). Nevertheless, there is some evidence
that hypnotic agents have analgesic properties at sub-anaesthetic doses (Toscano
et al., 2003; Yeo et al., 2007). Complete anaesthesia-induced unconsciousness
would prevent pain perception, though not functioning as an analgesic per se. This
is supported by neuroimaging during pain stimulation showing attenuated brain
responses to pain at surgical doses of anaesthesia (Hofbauer et al., 2004; Lichtner
et al., 2018; Mhuircheartaigh et al., 2010, 2013). However, the current human
neuroimaging literature on pain and nociception under general anaesthesia is
largely restricted to propofol. Propofol is a very common induction agent (Brown et
al., 2018) and is sometimes used to maintain anaesthesia during surgery, through
a practice known as total intravenous anaesthesia (TIVA) (Al-Rifai & Mulvey,
2016). However, anaesthetic maintenance is most commonly achieved with
volatile anaesthetics (Brown et al., 2018; Eger, 2004). Despite their common
usage during the surgical intervention itself, there is a marked gap in the
neuroimaging literature on how volatile anaesthetic agents, including sevoflurane,

affect pain processing.

While preventing pain is a chief concern in surgical anaesthesia, intra-operative
awareness has been reported to occur both with and without pain (Ag et al., 2016).

It may not be that all sensory modalities are disrupted at the same time or even in
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the same way across individuals (Sleigh et al., 2018). Hearing noises and
conversations in the operating theatre are experiences are most frequently
reported. The less common incidences of intra-operative awareness without pain
can still cause distress and long-term psychological iliness (Leslie, Chan, et al.,
2010; Osterman et al., 2001). As discussed in Chapter 3 (Section 3.1), the isolated
forearm test (IFT) is the gold standard for detecting connected consciousness
during surgery (Linassi et al., 2018). Furthermore, auditory evoked potentials have
been suggested as a method of detecting intra-operative awareness (Mantzaridis
& Kenny, 1997; Schneider et al., 2005). Therefore, while preventing perception of
surgical pain is a primary purpose of anaesthesia, improving our understanding of
how anaesthetic agents affect auditory processing is still of great importance in

preventing intra-operative awareness.

As discussed in Chapter 1 (Section 1.4), SWAS may reflect the most refractory
way the brain can respond to stimulation and constitute a state of complete
perception loss under general anaesthesia (Mhuircheartaigh et al., 2013).
Specifically, Mhuircheartaigh et al., (2013) found that under propofol anaesthesia,
the thalamocorticial system became isolated from external stimulation, with
preserved pain- and auditory-evoked brain responses only in the precuneus,
posterior parietal, and prefrontal regions. However, in the initial characterisation of
SWAS, all participants were taken to the same propofol effect site concentration
(Mhuircheartaigh et al., 2013). Therefore, it could not be conclusively determined
that there was complete perception loss at SWAS rather than at concentrations in

excess of SWAS.
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The analyses presented in this chapter use the findings in the previous chapter to
identify ASL-calibrated changes in BOLD FMRI responses at SWAS. Firstly, we
were interested in whether pain and auditory responses to these stimuli are
disrupted in individuals held at SWAS compared to awake, indicating perception
loss to external stimulation in the SWAS state. Secondly, we wanted to investigate
whether there is preserved stimulus-evoked activity outside the thalamocortical
system at concentrations in excess of SWAS, as previously reported by Warnaby
et al., (2013) for propofol. Finally, we wanted to assess whether we could detect

pain-evoked changes in non-brain cardiovascular measures.

5.2 Methods

All data analysed in this chapter were acquired as part of Study 2, as outlined in
Chapter 3 (Section 3.2.3). The analyses presented here are based on the
multiband BOLD-FMRI data that was acquired during the pain stimulation
paradigm when participants were awake and held at SWAS. Additionally, analyses
of the changes in brain evoked responses to the modified isolated forearm test
that was performed as part of the paradigm to assess conscious content will be
presented. In essence in the awake state, this involved squeezing an
experimenter’s hand in response to an auditory command. Based on the offline
SWAS curve analyses discussed in Chapter 3 (Section 3.3.2.3), a total of 15
participants were determined to be held at SWAS during the final task FMRI

acquisition and were included in the following analyses.
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5.2.1 MRI data acquisition

BOLD-FMRI data were acquired with the following sequence parameters: Whole-
brain single-shot EPI, multi-band acceleration factor 4, TR = 1170ms, TE =
30.00ms, 500 volumes, R=2 GRAPPA in-plane acceleration, 106 x 106 matrix
size, FOV 212mm, 2mm slice thickness, 2mm?3 voxel size, 72 axial slices with no
slice gap, fat saturation, echo spacing = 0.63ms, and anterior-posterior phase
encoding, flip angle = 45 degrees. Each acquisition consisted of 500 volumes for a
total of 585 seconds of scan time, excluding dummy scans at the beginning of
each sequence. A single-band reference image was acquired at the beginning of

each acquisition to improve translation between functional and structural space.

Ti-weighted anatomical images and field maps used for the task FMRI analyses
were the same as were used for the ASL analyses in Chapter 4 (Section 4.2.1.1).
To summarise, the Ti-weighted anatomical image was acquired with the following
parameters: 1mm? voxel size, TR = 2500ms, TE = 4.7ms, FOV = 192, 192x192
matrix size. Field maps for distortion correction were acquired when participants
were awake and when held at SWAS (TR = 482ms, TE1 = 4.92ms, TE2 =

7.38ms).

5.2.2 Pain stimulation and modified isolated forearm paradigm

The pain stimulation paradigm consisted of 11 trials comprised of a moderate heat
pain stimulus followed by two modified IFT tests. The time course of each trial was
as follows: Heat pain stimulus (3s), delay (6s), first IFT command (4s), delay (5s),

second IFT command (4s) (Figure 5.1). The interstimulus interval (I1SI) between
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each pain stimulation was pseudo-randomly jittered between 45 and 60 seconds
to prevent habituation and expectation of the stimulus onset. The randomisation
was performed ahead of time and was the same for all participants. The minimum
ISI of 45 seconds was chosen to allow the stimulated skin to cool down to prevent
tissue damage. The stimulation presentation timings were controlled by a custom

script in Presentation (Neurobehavioural Systems Inc., USA).

Heat pain IFT 1 IFT 2
(3s) Delay (4s) Delay (4s)
(Bs) (5s)

Repeat x 11

Jittered delay
(23 - 38s)

Figure 5.1: Flow chart of the timing and duration of the pain and verbal IFT
commands administered during BOLD FMRI acquisition when awake and at
SWAS. IFT = modified isolated forearm test.

Heat pain stimuli were generated by a Medoc Pathway contact heat thermode
(Medoc, Ramat Yishai, Israel) applied to the lateral side of the right calf. Prior to
situating the participant in the scanner, the temperature of the heat pain
stimulation was calibrated to an individual rating of 5 on a scale from 0 to 10,
where 0 indicated no pain and 10 indicated the worst pain imaginable. Participants
were not informed about the target pain rating. The pain calibration was confirmed
once the participant was situated in the MRI scanner and further calibration was

performed if the pain rating had changed significantly. After the pain FMRI
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acquisition during wakefulness, the participants were asked to rate the average

pain intensity during the stimulation block.

The modified IFT consisted of two commands that requested the participants
respond. The first prompt asked the participants to respond if they felt the
stimulation (“lPARTICIPANT NAME], squeeze your hand if you felt something”).
The second prompt asked the participants to respond if they felt pain specifically
(“IPARTICIPANT NAME], squeeze your hand if you felt pain”). The IFT was
modified in the sense that since no neuromuscular blockers were administered
there was no need to isolate, i.e., restrict blood flow to, the responding arm. The
IFT commands were pre-recorded by a male experimenter and delivered through
noise dampening earbuds. The anaesthetist in the scanner room was holding the
participant’s left hand during these sequences and would digitally record the
response or nonresponse to the IFT commands by selecting the appropriate

response on a button box.

5.2.3 Physiological data acquisition

Physiological data was continuously recorded for the duration of the anaesthesia
session (see Chapter 3 Section 3.2.3.2.2). In brief, we acquired pulse
plethysmography and respiration bellows traces using an MP150 system and
recorded at 200Hz in Acknowledge (BIOPAC Systems Inc., Goleta, CA, USA).
Vital signs and end-tidal gas data were exported from the anaesthesia monitor and

recorded by VSCapture v1.005 (Karippacheril & Ho, 2013).
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5.2.4 Pre-processing of BOLD-FMRI data

All MRI data processing and analysis was performed using analysis tools in FSL
version 6.0 (FMRIB Software Library). Task FMRI-BOLD data for both the awake
and SWAS conditions was pre-processed using FEAT (Woolrich et al., 2001). This
pre-processing involved automated non-brain tissue removal performed using
Brain Extraction Tool (Smith, 2002), motion correction using MCFLIRT (Jenkinson
et al., 2002), spatial smoothing with a Gaussian kernel of 5mm full-width half-
maximum, and a 50s cut-off temporal high-pass filter to eliminate slow scanner
drift. Distortions due to magnetic field inhomogeneities were corrected for using

the acquired field maps.

Each of the FMRI datasets was decomposed into linearly mixed spatially
independent components using MELODIC (Beckmann & Smith, 2004). For each
dataset, components were visually inspected for temporal and spatial signatures
that were indicative of artefacts of non-neuronal origin, including movement,
physiological, and scanner-related artefacts (Griffanti et al., 2017). Noise
components were regressed out and the datasets were reconstructed prior to first-

level statistical analyses.

The high-contrast single-band image acquired at the beginning of each BOLD-
FMRI acquisition was used to co-register the functional images to individual high-
resolution Ti-weighted structural images using FLIRT (Jenkinson et al., 2002) and,
subsequently, to standard space (Montreal Neurological Institute 152 [MNI 152]

brain) using FNIRT (Andersson et al., 2007).
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5.2.5 Whole-brain task FMRI analysis

5.2.5.1 Identifying mean responses to pain

The task BOLD-FMRI data for the awake and SWAS conditions were analysed
with the general linear model (GLM) approach as implemented in FEAT (Woolrich

et al., 2004).

Firstly, we wanted to assess brain responses to pain and auditory IFT commands
when awake and at SWAS separately. We estimated the group mean effect for
each stimulus type (i.e., pain and IFT) in separate two-level GLMs for the SWAS
and awake conditions. Individual brain responses were modelled on the first level
and the mean group effect at the second level. Secondly, in order to make a
formal statistical assessment of the difference in brain response to pain and verbal
IFT commands at SWAS compared with wakefulness, we performed a three-level
GLM. Here, individual brain responses were modelled on the first level, the change
in individual brain response between conditions was estimated on the second
level, and the mean group difference was estimated on the third level. Individual
changes in whole-brain median grey matter CBF, which were estimated from
individual ASL images in Chapter 4 (Section 4.2.2.1), were included as a confound
regressor to control for inter-individual differences in how CBF was affected by
sevoflurane. All group level analyses used FLAME 1 + 2 to account for mixed-
effects variance, allowing for greater generalisability from this group to the general

population.

107



All higher-level analyses were based on the same first-level analysis. Here, the
stimulus times and durations were convolved with the canonical haemodynamic
response function (HRF) to model BOLD signal changes in response to the
stimulation. The pain stimulation and each of the two IFT commands were
included as separate regressors. Additionally, motion parameters for rotation and
translation were included as regressors of no interest. Contrasts were set up to
identify positive and negative BOLD responses to the pain stimulation, each IFT

command separately, and for both IFT commands combined.

5.2.6 Task FMRI region of interest analysis

As was discussed in Chapter 4, sevoflurane has profound effects on cerebral
haemodynamics. As the HRF is inherently tied to cerebral blood flow, we wanted
to assess stimulus-evoked brain responses without relying on the HRF.
Independent of the whole-brain analysis detailed in Section 5.2.5, we calculated
the grand average stimulus-locked BOLD percentage change across individuals
for regions of interest (ROIS) in left primary somatosensory cortex (S1;
contralateral to the stimulated leg), left posterior insula, bilateral anterior insula,

bilateral putamen, and primary auditory cortex (PAC).

Importantly, these ROIs were defined a priori from previously published MNI
coordinates and brain atlases and were not derived from the whole-brain analysis
detailed above. For S1, a combined mask consisting of 10mm spherical ROIs
centred at MNI coordinates for peak activation in Broadman areas (BA) 1, 2, and

3B in response to left calf touch from Akselrod et al. (2017). For the left posterior
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insula, anterior insula, and putamen ROIs, spherical ROIs were centred on group
peak activation to heat pain to the left foot from Brooks et al. (2005). Table 5.1
presents an overview of MNI coordinates used to generate each spherical ROI.
Finally, the ROI for the PAC was generated from areas TE 1.0, 1.1, and 1.2 of the

Jilich Histological Atlas as implemented in FSL 6.0, and thresholded at 50%.

Table 5.1: MNI coordinates used as centres for spherical ROIs.

ROI X y z Radius (mm)
S1 BA1l -145 -395 68.8 10
BA2 -13.1  -439 62.5 10
BA3B -125 -41.8 62.3 10
Anterior insula Left -34.0 22.0 -4.0 10
Right 38.0 14.0 0.0 10
Posterior insula Left -38.0 -18.0 8.0 5
Putamen Left -22.0 14.0 -6.0 5
Right -26.0 16.0 -2.0 5

Each ROI was translated from MNI 152 space to individual functional space and a
mean time-series of all the voxels within each ROI was calculated for each
participant. Each mean time-series was epoched around the onset of the pain
stimulation (5s pre-stimulus to 45s post-stimulus) and averaged for that ROI and

participant.

5.2.7 Heart rate variability analysis

Non-brain physiological monitoring of surgical anaesthesia, including
cardiovascular monitoring, remains far more prevalent than brain-based
monitoring. We therefore analysed heart rate variability (HRV) changes in

response to the pain stimulation as a non-brain physiological readout of potential
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pain perception. Peaks in the respiration and pulse waveform data were identified
using the FSL tool PNM (Brooks et al., 2008). The output from PNM was visually
inspected and corrected for mistakes prior to further analysis. The mean

respiration rate and heart rate was calculated for each condition.

HRV was calculated for each condition as the root mean square of successive
differences (RMSSD) in time duration between heart beats. Additionally, to
investigate pain-evoked changes in HRV, RMSSD was calculated for a five-
second interval before and after the onset of each pain stimulus. Average pre-
stimulus and post-stimulus HRV was calculated for each condition and participant.
Finally, differences in HRV pre- and post-stimulus in each condition were tested

for statistical significance with paired t-tests.

5.3 Results

As previously reported, no participants responded to either IFT prompt when held
at SWAS. Furthermore, no participants reported any recollection of the
experimental procedures when asked upon recovering from the anaesthetic. The
end-tidal sevoflurane concentration during the task FMRI acquisition at SWAS was

2.8+£0.4 (meanxSD).

5.3.1 Pain- and IFT-evoked brain activity disrupted at SWAS

When participants were awake, the painful stimulation elicited significant activation
in areas relevant for nociceptive and pain processing, including primary
somatosensory cortex (S1) contralateral to the stimulated leg, bilateral insular

cortex, bilateral anterior cingulate cortex (ACC), bilateral caudate, bilateral
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supplementary motor cortex, and bilateral opercular cortex (Figure 5.2). At SWAS,
there was no significant activation or deactivation in response to the pain
stimulation. A statistical comparison of the two conditions confirmed that there was
significantly reduced pain-evoked activation in all the aforementioned regions

(Figure 5.2 and Table 5.2).

Awake > SWAS B

Figure 5.2: Mean BOLD activation maps showing areas of significant responses to
pain stimulation (left) and auditory IFT response commands (right) when
participants were awake (top) and at SWAS (middle; mixed-effects analysis,
cluster-threshold corrected Z>3.1, p<0.05). Bottom: Clusters of significantly
reduced brain activation at SWAS compared to wakefulness (paired t-tests, mixed
effects analysis, cluster-threshold corrected Z>3.1, p<0.05).

Similarly, when awake the auditory IFT prompts elicited responses both in areas
related to auditory and language processing, including bilateral primary auditory
cortex (A1), secondary auditory cortex (A2), and Wernicke’s area, and areas

involved in generating a motor response, including precentral gyrus, right thalamus
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(contralateral to the responding hand), and the cerebellum (Figure 5.2). When held
at SWAS there was no significant activation or deactivation in response to the IFT
prompts. Comparing the two conditions statistically, there were significant

reductions in BOLD response in all these regions (Figure 5.2 and Table 5.2).

Table 5.2: Locations of clusters where the BOLD signal was significantly higher
when participants were awake compared to when held at SWAS. Paired t-tests,
mixed effects analysis, cluster-threshold corrected Z>3.1, p<0.05. COG coord.
Centre of gravity coordinate, R =right, L = left, B = bilateral.

COG coord. (mm)
Size (voxels) P-value Z-max X Y z Side Cluster location

Pain 2006 <0.001 6.4 423 14.2 7.3 R Insular cortex, central and frontal
operculum, inferior frontal gyrus
1746 <0.001 5.8 -37.5 7.2 22 L Central operculum, precentral gyrus,
temporal pole, caudate, insula
1065 <0.001 53 05 5.6 48.7 B Supplementary motor cortex,
paracingulate gyrus, superior frontal gyrus

607 <0.001 5.3 -53.4 -31.5 22.8 L Central and parietal operculum,
postcentral gyrus, supramarginal gyrus
203 <0.001 5.1 -13.4 -44.6 67.6 L Postcentral gyrus, superior parietal lobule
117 <0.001 48 101 78 7.3 R Caudate
113 <0.001 4.7 55.2 -31.3 30.6 R Supramarginal gyrus, parietal operculum
110 <0.001 5.9 -35.0 -24.1 17.0 L Insular cortex, planum temporale, parietal
operculum
75 <0.001 49 37.0 -19.3 149 R Insular cortex, central opercular cortex,
Heschl's gyrus
47  0.005 45 11.7 -71.3 10.5 R Intracalcarine cortex
46 0.006 4.3 10.3 -18.4 -10.8 R Brainstem
43 0.009 48 -59 -76.2 11.0 L Intracalcarine cortex
39 0.016 43 -35.6 -4.7 48.8 L Precentral gyrus
37 0.022 48 394 -11.7 -48 R Insular cortex
36 0.026 4.8 -23.7 -66.7 -53.1 L Cerebellum (Vlib, Vllla)
36 0.026 45 17.2 -46.6 66.2 R Superior parietal lobule
IFTs 10975 <0.001 13.1 425 -15.1 225 R Superior temporal gyrus, middle temporal
gyrus
6102 <0.001 10.3 -52.5 -26.5 7.7 L Temporal pole, superior temporal gyrus,
central and parietal operculum, posterior
supramarginal gyrus
951 <0.001 7.3 -20.5 -56.2 -21.9 L Cerebellum (V, VI)
472 <0.001 5.8 32.9 -57.5 -29.2 R Cerebellum (Crus I, VI)
380 <0.001 5.7 -41.6 -2.3 50.4 L Precentral gyrus, middle frontal gyrus
325 <0.001 6.1 -18.4 -68.3 -49.5 L Cerebellum (Crus II, Vllia, VIiib)
278 <0.001 5.1 -47.2 -26.8 39.4 L Postcentral gyrus
277 <0.001 5.3 25.3 -65.1 -50.5 R Cerebellum (Crus II, Vlib, Vllia)
259 <0.001 49 -2.0 -53.8 39.5 L Precuneous
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210 <0.001 5.1 -38.0 28.1 -2.4 L Orbitofrontal cortex, inferior frontal gyrus,
frontal operculum

139 <0.001 5.1 34.4 43.2 242 R Frontal pole

116 <0.001 45 -94 -27.2 -9.7 L Brainstem, thalamus

93 <0.001 4.4 -47.0 13.1 29.5 L Inferior frontal gyrus, middle frontal gyrus

92 <0.001 44 57 -19.3 43.4 R Posterior cingulate cortex

83 <0.001 48 -34.8 41.6 26.7 L Frontal pole, middle frontal gyrus

73 <0.001 49 3.5 47.0 41.8 B Frontal pole, superior frontal gyrus

59 0.001 48 25 33.4 540 B Superior frontal gyrus

55 0.001 44 89 -151 -83 R Brainstem

55 0.001 46 13,5 57.8 184 R Frontal pole

48 0.003 5.5 12.7 56.0 35.3 R Frontal pole

43  0.007 46 409 26.0 -1.4 R Frontal operculum, inferior frontal gyrus,

orbitofrontal cortex
37 0.017 41 405 2.5 -43.7 R Inferior temporal gyrus, temporal pole
32 0.038 45 47.0 29.8 26.6 Middle frontal gyrus
32 0.038 4.1 -13.6 -74.7 54 Intracalcarine cortex, lingual gyrus

—

There were a few clusters where the BOLD signal was significantly greater at
SWAS compared to awake (Table 5.3). When comparing these clusters to clusters
of negative BOLD response to pain stimulation and the IFT commands when
awake, there was considerable overlap (Figure 5.3). Across the six clusters of
significantly greater BOLD signal at SWAS compared to awake, there was 64.2%
overlap with clusters of significant negative BOLD response to pain when awake.
All six SWAS>awake clusters had some overlap with awake negative BOLD
clusters. Similarly, in response to the IFTs, one of two cluster overlapped with
negative BOLD response (50.0% overlap). The only SWAS>awake cluster with no
overlap with awake negative BOLD clusters was in was in the superior sagittal

sinus, an area that is physiologically implausible to represent neuronal activity.
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Table 5.3: Locations of clusters where the BOLD signal was significantly higher at
SWAS compared to awake. Paired t-tests, mixed effects analysis, cluster-
threshold corrected Z>3.1, p<0.05. # indicates the cluster number,

COG coord. (mm)
Size (voxels) P-value Z-max X Y Z Side Cluster location

Pain 119 <0.001 4.94 58.8 -6.1 28.1R Postcentral gyrus, precentral gyrus

98 <0.0015.13 46.2 -72.0 279R Superior lateral occipital cortex

76 <0.001 4.82 -47.4 -24.7 60.2L Postcentral gyrus

57 0.0014.53 -42.6 -74.0 28.0L Superior lateral occipital cortex

56 0.001 4.33 -60.5 -5.7 189L Postcentral gyrus, precentral gyrus

35 0.0304.37 245 219 449R Middle frontal gyrus, superior frontal gyrus
IFTs 38 0.0154.14 -289 -55.2 105L Cerebral white matter

33 0.0334.56 4.04 -87.8 385R CSF

Auditory

Awake negative BOLD response
SWAS > awake
B Overlap

Figure 5.3: Overlap between clusters of significantly higher BOLD signal at SWAS
and significant clusters of negative BOLD response to pain stimulation (left) and
auditory IFT prompts (right). Clusters from mixed effects analyses, cluster-
threshold corrected Z>3.1, p<0.05.

As these whole-brain analyses are dependent on the canonical BOLD response,
we conducted a region of interest analysis to explore if the stimulation elicited any
BOLD response that might not have been captured in the whole-brain analysis
(Figure 5.4). As in the whole-brain analysis, when awake pain elicited a clear

response in the S1, right posterior insula, anterior insula, and putamen ROIs.
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Unexpectedly, there was also a pain response evident in the auditory ROI. The

IFT prompts elicited a response in the auditory, anterior insula, right posterior

insula, and putamen ROIs. At SWAS there was no response evident in any of the

ROls to any stimulation.
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Figure 5.4: Between-subject (N=15) average stimulus-locked BOLD percent signal
change within five regions of interest: Left S1 (A), bilateral primary auditory cortex
(B), left posterior insula (C), bilateral anterior insula (D), and bilateral putamen (E).
when awake (red) and at SWAS (blue). Solid line indicates group mean and

shaded area indicates 95% confidence interval.

5.3.2 Heart rate variability reduced at SWAS

While overall heart rate did not change between wakefulness (62.8+14.3) and

SWAS (68.0£16.3, p>0.05), heart rate variability was significantly reduced at

SWAS (38.0£18.0) compared to wakefulness (73.2+26.1, p<0.001; Figure 5.5).

However, there was no significant difference in heart rate variability in a 5s pre-

stimulus and post-stimulus (from the onset of the pain stimulation) in either
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condition (awake pre-stim (83.3£67.2) vs. awake post-stim (66.2+38.6, p>0.05)

and SWAS pre-stim (42.7+28.2) vs. SWAS post-stim (34.9+£14.3), p>0.05).
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Figure 5.5: Effects of sevoflurane on HR and HRV during pain stimulation. A)
Boxplots displaying interindividual heart rate when awake and at SWAS. Dots
connected by a line indicate change in individual participants. B) Heart rate
variability (HRV) when awake and at SWAS. C) HRV in a 5s interval before and
after onset of pain stimulation.

5.4 Discussion

In this study we acquired task FMRI during a heat pain and auditory stimulation
paradigm having titrated sevoflurane anaesthesia to SWAS. This approach
ensured that all functional images were acquired in the same brain state in all
subjects. Our findings show that the brain’s ability to process painful and auditory
stimulation is severely disrupted at SWAS. The whole-brain analysis of brain
activation in response to pain and verbal IFT commands showed a stereotypical
modality-specific responses when awake, but no significant brain activation in
response to either stimulus type was found at SWAS. Crucially, these results do
not conclusively show that there was no activity in the brain in response to pain or
the IFT commands at SWAS whatsoever. However, statistically comparing the

stimulus-evoked responses at SWAS to awake confirmed that this constituted a
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significant reduction in both modality-specific primary and higher-order cortical

regions.

5.4.1 Altered CBF cannot explain lack of stimulus-evoked BOLD response

Based on the CBF analyses discussed in Chapter 4, we know that the
haemodynamics was altered during the task FMRI acquisition at SWAS compared
to wakefulness. We therefore included individual changes in CBF as a confound
regressor in the inter-condition comparison to explain the variance that was due to
increased CBF. Beyond this, the altered CBF could affect the modelling of the
stimulus-evoked responses on the first level (Handwerker et al., 2004).
Conventional first-level FMRI analyses involve convolving the stimulus timings with
a canonical HRF function to model stimulus-evoked BOLD signal change (Friston
et al., 1995; Worsley & Friston, 1995). Even within- and between-subject HRF
variability without drug-induced alterations to CBF can cause false-negative results
(Handwerker et al., 2004). In all the analyses performed in this chapter, a temporal
derivative of the HRF was included in the first level analysis. This is recommended
practice to account for the difference in time that slices of each 3D FMRI volume
were acquired, but also has the additional benefit of accounting for variations in
the HRF delay between subjects and sessions. Therefore, the whole-brain
analysis does account for some potential effects of the anaesthetic on the time

course of the HRF.
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However, temporal derivatives do not account for all HRF variability (Handwerker
et al., 2004). Therefore, as the effects of sevoflurane on the HRF is unknown, we
performed a region of interest analysis to see what the stimulus-locked time
course of the BOLD signal was in regions we a priori expect to respond to pain
and auditory stimulation. There were expected BOLD signal increases in all the
regions of interest when awake. At SWAS, however, there was no BOLD evident
signal change, corroborating that the lack of stimulus-evoked activation at SWAS
in the whole-brain analysis was not due to assumptions about the HRF having

been violated.

It has been postulated that elevated CBF can cause a ceiling effect where
neuronal activation does not elicit a change in BOLD signal (Buxton et al., 2004;
Haller et al., 2006). This possibility is problematic in interpreting FMRI of
anaesthesia (K. Sicard et al., 2003). However, while some early investigations
yielded support for this view in rats (K. M. Sicard & Duong, 2005) and humans
(Posse et al., 2001), other human imaging studies show a modulation of the BOLD
response with elevated CBF rather than a ceiling effect within physiologically
relevant ranges (Cohen et al., 2002; Corfield et al., 2001; Whittaker et al., 2016).
In particular relevance to the present work, a hypercapnic challenge study that
acquired both ASL and event-related BOLD FMRI images found that the BOLD
response to visual stimulation was preserved at CBF levels comparable to what
was found in the present study at SWAS (Whittaker et al., 2016). Therefore, while

the possibility of a ceiling effect in our study cannot be excluded without a formal
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control, such as a hypercapnic challenge, the CBF levels at SWAS are within a

range where event-related BOLD signal changes are still expected to present.

5.4.2 Negative stimulus-evoked BOLD responses are absent at SWAS

Counter to our expectations, some regions had significantly higher BOLD signal at
SWAS compared to wakefulness. However, upon comparing these regions to
regions that had significantly negative BOLD response when awake, there was
considerable overlap. Combined with the lack of significant activation to either
stimulus at SWAS, this indicates that the clusters of significantly higher BOLD
signal at SWAS were due to the disappearance of a negative BOLD response.
While the functional significance of negative BOLD are still incompletely
understood, they are thought to reflect decreased neuronal activity. In particular,
the default mode network is frequently found to deactivate during stimulation and
task behaviour, including acute heat pain (Kong et al., 2010). In line with this, three
of the six overlapping clusters for pain were in the default mode network. The two
of the three remaining clusters were also in areas previously been found to have a
negative BOLD response to heat pain (Kong et al., 2010). Therefore, upon closer
inspection, the clusters of elevated BOLD at SWAS compared to awake are best

explained as a lack of stimulus-evoked deactivation at SWAS.

5.4.3 Disruption of pain and auditory processing under general anaesthesia
To our knowledge, no studies have assessed stimulus-evoked responses using
BOLD FMRI at sevoflurane concentrations comparable to our study. At

concentrations slightly lower than in the present study, semantic auditory cortical
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BOLD response have been found to be strongly reduced at 1% and 2%
sevoflurane, although not entirely abolished (Kerssens et al., 2005). Similar
attenuation in primary sensory regions have been reported for other types of
stimulation, including vision (Marcar et al., 2006) and finger flexion (Yamamoto et

al., 2019).

Propofol has been explored most extensively with FMRI in the context of acute
pain. Early studies indicated that propofol attenuated pain-evoked brain responses
in a dose-dependent fashion (Hofbauer et al., 2004; Mhuircheartaigh et al., 2010),
though with preserved pain-evoked activation in the precuneus even at
concentrations exceeding SWAS (Mhuircheartaigh et al., 2013). This was
interpreted to imply that SWAS constitutes the most refractory way the brain can
respond to external stimulation. It is noteworthy that we did not find this residual
brain stimulus-evoked activation in subjects titrated to SWAS with sevoflurane,
highlighting a potential difference in how the two anaesthetic agents affect pain
and auditory processing. A recent study found dose-dependent decreases in pain-
evoked activity in key pain processing regions including the insula and S2, but that
intense, but not moderate, noxious electrical stimulation elicited counter-intuitive
increases in pain-evoked responses in ACC, OFC, and putamen at propofol
concentrations in far excess of SWAS into burst suppression (Lichtner et al.,
2018). In contrast to (Mhuircheartaigh et al., 2013), the precuneus was not among
the regions that responded to pain during deep anaesthesia in this study. Lichtner
et al., (2018) did not segment the FMRI according to EEG, so there was likely

some conflation of different brain states at each target concentration due to inter-
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individual differences in susceptibility to anaesthesia. Therefore, the counter-
intuitive increases in frontal regions likely reflects various degrees of burst
suppression in different individuals. In light of these studies, it is surprising that we
observed no significant brain activation to pain at SWAS. This may reflect
differences in how sevoflurane and propofol affect nociception and pain
processing. Additionally, by targeting SWAS, we ensured that all participants were
in the same brain state. Nevertheless, Lichtner et al. (2018) highlight that showing
non-responsiveness to moderate pain does not necessarily preclude brain
responsiveness to surgical pain levels. This will be important to follow up on in

future investigation of pain perception at SWAS.

FMRI studies on auditory processing under propofol anaesthesia have shown a
similar attenuation of stimulus-evoked activation. At concentrations at and in
excess of SWAS, Mhuircheartaigh et al. (2013) found that auditory-evoked
activation was reduced to posterior parietatal regions including the precuneus,
similarly to that found for pain-evoked activation. Other studies (Heinke et al.,
2004; Plourde et al., 2006) have found that primary auditory activation, while
reduced, persists at concentrations comparable to that targeted by

Mhuircheartaigh et al. (2013).

While there are few event-related BOLD FMRI studies under sevoflurane
anaesthesia, we can to some extent infer cortical activation from evoked
potentials. Contact heat evoked potentials (CHEPS) have been found to have

increased latency and decreased amplitude at sub-anaesthetic concentrations of
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sevoflurane (Untergehrer et al., 2013). The cortical generators of CHEPs have
been located to secondary somatosensory cortex and the parietal operculum, with
later contributions from the ACC (Chen et al., 2001; Le Pera et al., 2002; Valeriani
et al., 2002). As CHEPs amplitudes are more strongly associated with subjective
pain ratings than stimulus intensity (Granovsky et al., 2008), this implies an
analgesic effect of sevoflurane. This is corroborated by clinical reports in the
context of sevoflurane analgesia during labour (Toscano et al., 2003; Yeo et al.,
2007), though an earlier study in healthy volunteers found no analgesic effect of

sub-anaesthetic concentrations of sevoflurane (Tomi et al., 1993).

Auditory evoked potentials (AEPs) generally reduce in amplitude and increase in
latency with increasing depth of anaesthesia (Thornton & Sharpe, 1998). AEPs are
generally sub-divided into early (0-10ms), mid (10-100ms), and late latency
potentials (100-1000ms), thought to originate in brain stem, primary auditory
cortex, and higher order cortices respectively. Early latency AEPs are generally
preserved at surgical levels of anaesthesia. For that reason, the lack of significant
brain stem BOLD response at SWAS should be interpreted with caution as the
FMRI of the brain stem is inherently limited by poor signal-to-noise ratio (Brooks et
al., 2013). By contrast, mid latency AEPs have been found to be severely
attenuated or completely abolished by surgical levels of volatile anaesthetics,
including sevoflurane (Feuerecker et al., 2011; Schwender et al., 1995). Presence
of mid-latency AEPs have been found to correlate with recovery of responsiveness

during emergence from sevoflurane, isoflurane, and xenon (Goto et al., 2001). As
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the cortical origin of mid-latency AEPs is well characterised to the PAC, the lack of

PAC activation at SWAS in our study is therefore broadly in line with this research.

Note that the stimulation used in this study was not suitable for analysis of evoked
potentials in the concurrently acquired EEG due to the stimulus durations being in

the order of multiple seconds.

5.4.4 Inconclusive results on pain-evoked HRV changes

While brain imaging was the primary outcome measure for the pain stimulation, we
also assessed the effect of the pain stimulation on heart rate variability as a non-
brain physiological outcome measure. While heart rate did not change between
awake and SWAS, there was an overall reduction in heart rate variability during
the task FMRI acquisition at SWAS compared to awake. This is in line with
previous research on the effect of sevoflurane anaesthesia on heart rate and heart

rate variability (Maenpaa et al., 2007).

However, there was no detectable difference in heart rate variability before and
during the pain stimulation in either condition. Since no effect could be detected
during wakefulness, this finding is inconclusive. Acute pain has been found to
cause changes in measures of heart rate variability, including RMSSD (J. Koenig
et al., 2014). However, as the stimulation paradigm was optimised for FMRI, it may
not have been sufficient to elicit detectable stimulus-evoked changes in heart rate
variability. Most studies on the effect of pain on heart rate variability employ a
sustained period of pain stimulation (=1min) (J. Koenig et al., 2014), though

shorter-duration heat pain stimulation (12s) has also been found to alter heart rate
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variability (Aslaksen et al., 2007). Therefore, the lack of detectable pain-evoked
alterations in heart rate variability is likely due to the stimulation paradigm not

having been optimised for heart rate variability analyses.

While the results in this chapter are promising with respect to SWAS being a state
of perception loss under general anaesthesia, these results are limited by the task
FMRI being acquired only in steady states during wakefulness and at SWAS. As a
consequence, these results cannot show whether the level of disruption of pain
and auditory processing observed at SWAS occurs at lower concentrations during
the transition to SWAS. This would need to be addressed in future research

looking at how sensory processing is altered during the transition to SWAS.

In conclusion, we have demonstrated that brain activation in response to pain and
verbal IFT commands was severely disrupted in subjects titrated to SWAS with
sevoflurane. Examination of BOLD signal change in regions a priori expected to
respond to pain and auditory stimulation determined that these results cannot be
explained by invalid assumptions about the HRF. Additionally, by measuring and
controlling for sevoflurane-induced changes to CBF we can likely exclude a BOLD
ceiling effect. These results provide further evidence that SWAS is a state of
perception loss to external stimulation under general anaesthesia. Additionally,
this study provides rigorous control of factors usually not controlled for in
neuroimaging of anaesthesia by targeting a specific brain state as well as

incorporating measures of CBF.
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6 Breakdown of large-scale brain networks at SWAS

6.1 Introduction

Several converging lines of research suggest that consciousness is supported by
communication between different brain regions. Leading theories of
consciousness, including the Integrated Information Theory (IIT) (Tononi, 2004,
2012; Tononi et al., 2016) and the Global Workspace Hypothesis (GWH) (Baars,
1997, 2005), postulate that consciousness involves the integration of multiple
experiential modalities into a cohesive whole. Consequently, according to these

theories, disruption of this integration is accompanied by loss of consciousness.

In line with these general theories of consciousness, disruption of communication
between different brain regions is known to be a common effect of a range of
anaesthetic agents (Blain-Moraes et al., 2015; Lee et al., 2013). However,
precisely how different anaesthetic agents disrupt inter-regional communication is
an ongoing subject of study. In particular, the roles of the thalamocortical system
and cortico-cortical networks in anaesthesia-induced loss of consciousness

remains unclear.

6.1.1 Anaesthetic effects on thalamocortical connectivity
Early studies found depression of thalamic activity as a common effect of both
inhalational and intravenous anaesthetics (Alkire et al., 1999, 2000; Fiset et al.,

1999), leading to hypotheses regarding a thalamocortical switch serving a causal

125



role in anaesthetic loss of consciousness (Alkire et al., 2000). Subsequent studies
however suggest a less direct role of the thalamus (Hudetz, 2012). Other
investigations have found that cortico-cortical functional connectivity is disrupted
under general anaesthesia while thalamocortical connectivity is preserved (Boly et
al., 2012; Lee et al., 2009) or that thalamocortical connectivity is indirectly
disrupted as a consequence of cortico-cortical disconnection (Velly et al., 2007). In
propofol specifically, it has been shown that thalamocortical connectivity from
nuclei involved in relay of somatosensory signals were relatively preserved

compared to other thalamic nuclei groups (Liu et al., 2013).

Effects of anaesthetic agents on the thalamocortical system, whether direct or
indirect, has important implications for conscious experience of pain under general
anaesthesia. The thalamus plays an important role in transmitting ascending pain
signalling from the spinothalamic tract to the cortex, as well as in descending pain
modulation (Ab Aziz & Ahmad, 2006; Tracey & Mantyh, 2007). Previous work in
our lab has shown that the thalamocortical system became isolated from external
pain stimulation under deep propofol anaesthesia (Mhuircheartaigh et al., 2013).
Demonstrating disrupted thalamocortical connectivity at SWAS, particularly to
somatosensory cortical regions, would therefore provide further evidence that pain

perception is disrupted at SWAS.

6.1.2 Anaesthetic effects on connectivity in large-scale brain networks
Resting state networks are sets of brain regions where the BOLD signal covaries

during wakefulness and are generally considered to represent large-scale
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neuronal networks involved in specific cognitive functions. Despite their
prevalence in human FMRI studies and potential clinical utility in inferring brain
functionality in unconscious patients (Heine et al., 2012), the roles of particular
resting state networks in loss of consciousness under general anaesthesia remain
unclear (Palanca et al., 2017). Furthermore, most resting state FMRI studies of
anaesthesia have investigated intravenous anaesthetics (Palanca et al., 2015),
and while recently more resting state FMRI studies using sevoflurane have been
published, many involve secondary analyses of only six unique datasets (Palanca

et al., 2017).

Previous FMRI work on SWAS has focused on task-related brain activity
(Mhuircheartaigh et al., 2013). Furthermore, most sevoflurane resting state FMRI
studies have targeted end-tidal sevoflurane concentrations that were lower than
what we found necessary to achieve SWAS on average in a comparable healthy
adult sample in Chapter 3. The remaining studies either titrated to burst-
suppression before stepping down the concentration (Ranft et al., 2016),
introducing potential effects of neural inertia (Friedman et al., 2010; Warnaby et
al., 2017), or focusing on a subset of resting state networks (Huang et al., 2014,
2016). No studies have targeted observational end-points past loss of
responsiveness, which has been pointed out as a limitation of the current resting

state FMRI literature of sevoflurane (Palanca et al., 2017).

To address these outstanding questions regarding functional connectivity in the

SWAS state, we analysed resting state FMRI data acquired when awake and at
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SWAS in two different ways. Firstly, to investigate whether and how functional
connectivity in the thalamocortical system is altered at SWAS, we used a seed-
based connectivity analysis from thalamic sub-regions to the cortex. Secondly, to
assess functional connectivity changes in large-scale cortical networks due to
anaesthesia, we used a data-driven, dual regression approach based on an
independent component analysis (ICA). This allowed us to identify brain networks

with significant changes of within-network functional connectivity at SWAS.

6.2 Methods

6.2.1 Data acquisition

The data analysed in this chapter was acquired as part of Study 2 that was
outlined in Chapter 3. Based on the offine SWAS model fitting reported in Chapter
3, 14 participants were determined to have been held at SWAS during the final
resting state FMRI acquisition and were eligible for inclusion in the following

analyses.

We acquired 10 minutes closed-eyes resting state BOLD FMRI data during
wakefulness and at SWAS. With the exception of the number of volumes acquired,
FMRI acquisition parameters were identical to those used for the task FMRI
acquisition reported in Chapter 5. In summary, we acquired whole-brain single-
shot EPI, multi-band acceleration factor 4, 2mm? voxel size, TR = 1170ms, TE =

30.00ms, 513 volumes, and R=2 GRAPPA in-plane acceleration.
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Diffusion weighted EPI imaging was performed during the evening baseline
session with the following parameters: TR = 2483ms, TE = 78.2ms, 122 x 122
matrix size, FOV = 214 x 214 mm, 1.75mm slice thickness, 1.75mm?3 voxel size,
multi-band acceleration factor 4, 76 axial slices, anterior-posterior phase encoding,
flip angle = 80 degrees, refocus flip angle = 180 degrees. Diffusion weighted
images were acquired for two b-values: 1250s/mm? and 2500s/mm? distributed
over 60 gradient directions each. Additionally, at b = 0 s/mm? 11 volumes were
acquired for the anterior-posterior (AP) phase-encoding direction and 4 volumes

for the posterior-anterior (PA) phase-encoding direction.

T1-weighted images and field maps that were used for the following analyses are

the same as those in Chapter 4 and 5.

6.2.2 Resting state FMRI preprocessing

Preprocessing of each individual’s resting state FMRI data for the awake and
SWAS conditions was performed in MELODIC (Beckmann & Smith, 2004). This
involved automatic removal of non-brain tissue using BET, motion correction using
MCFLIRT, spatial smoothing with a Gaussian kernel of 3mm FWHM, and a 100s
cut-off temporal high pass filter to remove scanner drift. Magnetic field
inhomogeneity distortions were corrected for using field map images acquired in

the conditions as the resting state FMRI acquisitions.
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Each dataset was decomposed into linearly mixed spatially independent
components. The components of each dataset were visually inspected for spatial
or time series characteristics indicative of non-neuronal artefactual origin, such as
motion, physiological, or MRI-related artefacts (Griffanti et al., 2017). After
regressing out noise components each dataset was reconstructed to provide a

cleaned resting state dataset for each condition.

The high-contrast single-band volume acquired at the start of each acquisition was
used to register the functional images to individual T1-weighted images using
FLIRT (Jenkinson et al., 2002) and to MNI 152 space using FNIRT (Andersson et

al., 2007).

6.2.3 Thalamocortical functional connectivity analysis

To assess the question of thalamocortical connectivity at SWAS, we conducted a
seed-based correlation analysis (SCA) between sub-regions of the thalamus and

the cortex (Figure 6.1). The thalamus was first parcellated into subregions based
on structural connectivity to different cortical regions following the methodology by
Behrens et al. (2003). These parcellations were then used as seed regions for a

seed-based correlation analysis of the resting state FMRI data.

130



Harvard-Oxford N Cortical target
Cortical Atlas masks
Preprocessing Model diffusion Probabilistic Thalamic
Raw DWI data parameters tractography .
(topup + eddy) (bedpostX) (probtrackX) parcellations
X
Brain extraction,
tissue segmentation . .
Raw T1w image & subcortical '"d'\;fggln:l?::m'c
segmentation
(fsl_anat)
y
Brain extraction,
tion correction
Raw rsFMR| me 1o, N o Seed-based
dea spatial smoothing, & ICA denoising (FIX) Correlation Analysis
high pass filtering
(MELODIC)

Figure 6.1: Flow chart of the analysis pipeline for the analysis of thalamocortical
functional connectivity. Probabilistic tractography was performed on the diffusion
MRI data using thalamus masks generated from T1-weighted images as the seed
mask and cortical target masks generated from the Harvard Oxford Cortical Atlas.
This yielded thalamic parcellations that were used as seed regions in a seed-
based connectivity analysis of the resting state FMRI data. Cortical target masks
on a MNI 152 brain and the thalamic parcellation from an example subject is
shown in the top right.

6.2.3.1 Diffusion MRI preprocessing

Diffusion-weighted MRI data was preprocessed using tools from FSL v6.0. The
topup tool (Andersson et al., 2003) was used on averaged AP and PA b0 volumes
to estimate susceptibility-induced off-resonance fields that were input into eddy
(Andersson & Sotiropoulos, 2016) to correct for eddy current distortions and
subject head motion. Next, a probabilistic diffusion model was fitted to the
corrected data using a multi-shell ball and stick model as implemented in

bedpostx_gpu (Hernandez et al., 2012; Jbabdi et al., 2012). Diffusion weighted
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images were translated to structural space using linear registration in FLIRT and to

MNI 152 space using non-linear translation in FNIRT.

6.2.3.2 Probabilistic thalamic parcellation

Thalamic seed masks were generated for each subject from individual T1-
weighted images using FIRST. Cortical target masks for the frontal lobe, parietal
lobe, temporal lobe, occipital lobe, sensory cortex, and motor cortex were
generated in 152 MNI space by combining masks from the Harvard-Oxford
Cortical Structural Atlas as implemented in FSL, then translated to individual
structural space. Probabilistic tractography from the thalamic seed mask to each
cortical region of interest was performed in diffusion space using probtrackx
(Behrens et al., 2007; Behrens, Woolrich, et al., 2003). Translation of thalamic
seed mask and cortical target masks to individual diffusion space was handled

within probtrackx using the translation matrices generated previously.

6.2.3.3 Seed-based correlation analysis

The thalamic parcellations were used as the seed regions for a seed-based
correlation analysis of functional connectivity. First, the average BOLD time series
was calculated from all voxels within each thalamic parcellation. Next, Pearson’s
correlation analyses were performed between the average signal of each
parcellation and all voxels in the corresponding cortical target. Finally, an average
of all voxel-wise correlations was calculated for each cortical region. Difference in
functional connectivity between conditions was assessed for each cortical region

with paired t-tests corrected for Benjamini-Hochberg false discovery rate.
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6.2.4 Within-network functional connectivity analysis

In order to identify changes in large-scale brain networks due to anaesthesia, we
first needed to identify resting state networks across the awake and SWAS
conditions. These resting state networks were estimated from cleaned resting
state FMRI datasets for using temporally concatenated group ICA with MELODIC.
Data from both the awake and SWAS conditions were included in the ICA to
ensure that the extracted networks were not biased to either condition. The
number of components was fixed to ensure that extracted networks were
comparable to the established literature and nomenclature (Uddin et al., 2019). An
initial run with 20 components resulted in networks splitting into multiple parts
(e.g., the default mode network was split into an anterior and a posterior
component). Therefore, the dimensionality was reduced to 15 to avoid
fragmentation of known resting state networks. Components corresponding to
previously reported resting state networks in healthy adults were hand-classified,
while the remaining components were identified as noise components and not

considered in subsequent analyses.

In order to assess functional connectivity changes within the identified resting state
networks between awake and SWAS, it is necessary to identify brain activity in the
datasets for each individual subject and condition that corresponded to the group
components that were common to both conditions. This was achieved by passing
both the individual cleaned resting state FMRI datasets and the resting state
network components into a dual regression analysis of within-network functional

connectivity with the FSL tool dual_regression (Nickerson et al., 2017). Group ICA
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spatial maps were regressed into individual FMRI datasets to generate a subject
and condition-specific time-courses for each spatial map. Each time course was
then regressed into the same resting state FMRI datasets to generate subject and
condition-specific spatial maps corresponding to each group-level spatial map.
Between-condition difference was tested for statistical significance with paired T-
tests using voxel-wise non-parametric permutation testing (Npermutations = 5000).
Correction for multiple comparisons across voxels was achieved using TFCE and
the significance threshold of p<0.05 was Bonferroni-corrected to account for

testing of multiple networks.

6.3 Results

6.3.1 Thalamocortical connectivity at SWAS
We found that the mean seed-based connectivity between each thalamus
parcellation and its primary cortical target was significantly reduced at SWAS for

all seed-target pairs (adjusted p<0.05; Figure 6.2).
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Figure 6.2: Changes in thalamocortical functional connectivity at SWAS compared
to awake. Each plot indicates the between-subject mean functional connectivity
between each thalamic parcellation and its primary cortical target as estimated by
structural connectivity from diffusion MRI. *** indicates p<0.001 and ** indicates
p<0.01 corrected for Benjamini-Hochberg false discovery rate.

6.3.2 Within-network connectivity at SWAS

Eight components corresponding to known resting state networks could be
identified from the 15 independent components produced by the temporal-
concatenation group ICA (Figure 6.3). These were the medial visual network,
lateral visual network, auditory network, sensorimotor network, default mode
network, dorsal attention network, fronto-parietal network, and executive control

network.
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Figure 6.3: Normalised independent component spatial maps from the temporal-
concatenation group ICA. These eight large-scale resting state networks were
identified from a total of 15 components and used as input to the dual regression
analysis. Z-values were arbitrarily thresholded between 5 and 15 for visualisation
purposes.

Within-network connectivity was significantly reduced at SWAS compared to
awake in all eight resting state networks (Figure 6.4). However, there was some
heterogeneities in the spatial extent of the significant reduction. Functional
connectivity was reduced in the entirety of the default mode network, lateral visual
network, sensorimotor network, and auditory network. Meanwhile, only parts of the

medial visual network, executive control network, dorsal attention network, and
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frontoparietal network displayed significantly reduced connectivity. Reductions in
functional connectivity in the medial visual network was found in parts of the
intracalcarine cortex, supercalcarine cortex, and cuneal cortex. In the executive
control network, significant reductions were found in the frontal regions of the
network. In the frontoparietal network, the reduction in connectivity was primarily in
the left hemisphere and in the dorsal attention network the reduction was most
pronounced in the right hemisphere. Finally, parts of the thalamus had significantly
reduced functional connectivity to the default mode network and the sensorimotor

network despite not being part of either network component.
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Figure 6.4: Group averaged statistical maps of voxel-wise reduction in within-
network connectivity at SWAS compared to awake (p<0.05) in eight commonly
identified resting state networks. P-value corrected for multiple comparisons
across voxels and networks.

6.4 Discussion

6.4.1 Thalamocortical connectivity at SWAS

Our results clearly indicate that the thalamocortical system is severely disrupted in
the SWAS state compared to when awake. Our investigation is therefore in line
with accounts of anaesthetic-induced loss of consciousness in which the
thalamocortical system plays a central role (Ranft et al., 2016; White & Alkire,
2003). However, our results stand in direct contrast to the study by Liu et al.
(2013) using a similar methodology of analysing thalamocortical seed-based
functional connectivity but using a different thalamic parcellation. They reported
that, under propofol anaesthesia, thalamocortical functional connectivity from
thalamic nuclei involved in the relay of sensory and motor signals was reduced but
still relatively preserved when compared to other thalamic nuclei. Our results stand
in contrast to these findings as the degree of reduction in functional
thalamocortical connectivity to sensory and motor areas appears to be comparable
to with other cortical regions. It is important to note though that this was using a
different anaesthetic agent. Additionally, the target effect site concentration
targeted by Liu et al. (2013) (2ug/ml) was lower than what has previously been
found to be required for most people to achieve SWAS (mean+SD 2.7+0.5 pg/ml;
Warnaby et al., 2017). One possibility is therefore that at higher concentrations,
including the SWAS endpoint, there is an additional and later disruption of the

sensory and motor thalamocortical system.
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The thalamic parcellations used as seeds for the seed-based connectivity analysis
were generated using a well-established method (Behrens, Johansen-Berg, et al.,
2003) that has been validated to produce parcellations that correspond to nuclei
and groups of nuclei defined from thalamic cytoarchitecture (Johansen-Berg et al.,
2005). Therefore, this method remains a common paradigm for parcellating the
thalamus in-vivo. Nevertheless, some caution when interpreting these results is
warranted, as recent investigations have highlighted the propensity of probabilistic
tractography to produce similar parcellations in intentionally corrupted diffusion

data (Clayden et al., 2019).

6.4.2 Higher order network connectivity at SWAS

From the 15 group ICA components we identified four components that
corresponded to known higher order networks: default mode network,
frontoparietal network, dorsal attention network, and executive control network.
We found that functional connectivity within the default mode network and the
frontoparietal network was significantly reduced at SWAS compared to awake.
Higher order cortical networks that link anterior and posterior brain regions,
including the default mode and frontoparietal networks, have consistently been
found to have reduced functional connectivity under general anaesthesia. This
finding also to appears to hold across multiple anaesthetic agents, including
propofol (Boveroux et al., 2010; Guldenmund et al., 2013, 2017; S. Wang et al.,
2020), dexmedetomidine (Guldenmund et al., 2017), and sevoflurane (Huang et
al., 2014; Palanca et al., 2015; Ranft et al., 2016). One notable exception however

is Martuzzi et al., (2010), who found no significant reduction in default mode
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network functional connectivity, albeit at a sub-anaesthetic concentration of

sevoflurane (1% end-tidal).

The default mode and frontoparietal networks that have been suggested to
support important functions supporting consciousness. The frontoparietal network
plays an important role in control of goal-directed information flow in the brain
(Uddin et al., 2019). As leading theories of consciousness emphasise the
importance of integrating information from different neuronal networks (Baars,
2005; Tononi et al., 2016), breakdown of the information control functions of the
frontoparietal network implies that important functions for sustaining
consciousness are disrupted. While a clear consensus on the functions of the
default mode network remains outstanding, it is likely involved in formation and
maintenance of high-level associative representations (Uddin et al., 2019).
Crucially, the default mode network includes the precuneus, which is part of the
so-called posterior hot zone that has been suggested as a candidate for full and
content-specific neural correlate of consciousness (Koch et al., 2016). Breakdown
of connectivity within these networks under general anaesthesia may underlie
frontal-parietal disconnects that have been observed electrophysiological

functional connectivity measures (Blain-Moraes et al., 2015; Lee et al., 2013).

We also observed reduced functional connectivity in the dorsal attention network
and executive control network at SWAS compared to awake. As Palanca et al.,
(2015) did not find a significant reduction in dorsal attention network functional

connectivity at 1.2% end-tidal sevoflurane, this implies that disruption of the dorsal
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attention network could occur at higher sevoflurane concentrations than the default
mode and frontoparietal networks. A primary function of the dorsal attention
network is directing and maintaining visuospatial attention as well as top-down
stimulus and response selection (Uddin et al., 2019). Control of external attention
is not a necessary condition for consciousness, as illustrated by states of
disconnected consciousness such as dreaming. However, in the context of
surgery, a breakdown of the dorsal attention network might render the patient
unable to attend to external events in the event of intra-operative awareness.
However, this remains somewhat speculative as it is not clear from the current
literature that functionality of the dorsal attention network persists after loss of

consciousness.

Comparatively, less is known the executive control network in the context of
anaesthesia. Part of the reason for this is inconsistencies in terminology and
spatial definition of the network in neuroimaging studies in general (Uddin et al.,
2019). Some studies that have reported decreased executive control network
connectivity under general anaesthesia include it as part of the frontoparietal
network (e.g., Boveroux et al., 2010), making it difficult to dissociate frontoparietal
and executive control network functional connectivity changes. Other studies do
not include the executive control network at all (e.g., Palanca et al., 2015; Ranft et
al., 2016). At sub-anaesthetic doses of ketamine, an increased functional
connectivity in the executive control network has been reported (Mueller et al.,
2018), though this might be related to the dissociative effects of sub-anaesthetic

doses of ketamine that are unlikely to be transferrable to other anaesthetic agents.
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6.4.2.1 Laterality in frontoparietal functional disconnection

Interestingly, we found that the significant reduction in within-network connectivity
in the frontoparietal network was primarily, although not exclusively, found in the
left hemisphere. Liu et al., (2013) similarly reported stronger disruption of
thalamocortical connectivity to the left hemisphere, which they attributed to
predominant left-lateralisation of language functions. As the left frontoparietal
network has been suggested to be involved in language processing (Laird et al.,
2011), our results add some credence to this interpretation. However, this
interpretation should be made with some caution. Depending on the methodology
used, particularly the number of ICA components, this network is often
represented as two separate components lateralised to each hemisphere
(Damoiseaux et al., 2006). Therefore, it could be that the laterality in the dual
regression statistical maps is driven by the input frontoparietal component being

more strongly representative of the left frontoparietal network.

6.4.3 Visual, auditory, and sensorimotor network connectivity at SWAS

We identified four components of the 15 group ICA components that corresponded
with early sensory networks: medial visual network, lateral visual network, auditory
network, and sensorimotor network. Functional connectivity within early sensory
networks has been found to be relatively preserved under propofol anaesthesia
compared to higher order networks (Boveroux et al., 2010; Palanca et al., 2015; S.
Wang et al., 2020). Our results are partly in line with this, the reduction in within-
network functional connectivity was markedly less in the medial compared to the

lateral visual network. The medial visual network is comprised of primary visual
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processing regions, including V1, whereas the lateral visual network is comprised
of regions involved in secondary visual processing. Our finding therefore indicates
a relative preservation of regions involved in primary visual processing over
secondary visual processing. An important methodological consideration is that
the subjects’ eyes were closed during both resting state FMRI acquisitions. While
neural activity persists in the visual cortices during eyes closed resting, as evident
from occipital resting alpha activity in the EEG (Barry et al., 2007; Berger, 1933),

the subjects were not processing visual stimuli in either condition.

However, a similar preservation was not evident for the auditory network or
sensorimotor network. Disruption in these networks in our subjects is not
unexpected given the lack of stimulus-evoked activation to pain and auditory
stimulation discussed in the previous chapter. While it is unclear why these
networks might differ from the visual networks, one possibility is that unlike the
medial visual network, these resting state networks include more than just the
primary sensory cortices. One study specifically investigating sevoflurane effects
on the motor cortex reports reduced connectivity at 1% and 2% end-tidal
sevoflurane (Peltier et al., 2005). In contrast, Palanca et al., (2015) reported no
significant reduction in either the auditory or sensorimotor networks under
sevoflurane-induced loss of responsiveness (1.2% end-tidal). In light of this, our
results imply that disruption of sensorimotor and auditory networks occurs at
higher concentrations of sevoflurane. This view is partially supported by Ranft et
al., (2016), who found decreased auditory network connectivity at burst

suppression, but not at 2% or 3% end-tidal sevoflurane (Ranft et al., 2016).
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Crucially, in their study, resting state FMRI was first acquired at burst suppression,
followed by the acquisitions at lower doses. As the process of induction to
anaesthesia and recovery from anaesthesia is not necessarily symmetrical, this
constitutes an important difference in the anaesthetic protocol compared to our

study.

6.4.4 Thalamus connectivity to default mode and sensory motor networks
Interestingly, while the thalamus was not part of any of the resting state networks
from the temporal-concatenation group ICA, there were significant reductions in
functional connectivity between parts of the thalamus and both the default mode
and sensorimotor networks. This may mean that the functional connectivity
between these thalamic regions with the default mode and sensorimotor networks
was significantly reduced at SWAS compared to awake, despite on average not
being strongly connected across both conditions. Alternatively, this may be due to
an artefact. These results provide further evidence of a disconnection between the
thalamus and the cortex at SWAS using a data-driven analysis method. Palanca et
al., (2015) found that at 1.2% end-tidal sevoflurane functional connectivity between
the thalamus and the default mode network was significantly reduced, while
connectivity between the thalamus and the sensorimotor network was preserved.
Seen together with our results, this reinforces the idea that sensorimotor network
disconnection occurs at higher concentrations of sevoflurane than default mode

network disconnection.
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As with the task FMRI analyses discussed in Chapter 5, these analyses are limited
by the data having been acquired in steady states during wakefulness and at
SWAS. Consequently, we cannot determine from these results whether or not the
degree of functional disconnection we observed at SWAS occurred at lower
concentrations during the transition to SWAS. However, unlike the task FMRI
analyses, where we only acquired data during wakefulness and at SWAS, we did
acquire continuous resting state FMRI during the transition to SWAS as part of this
study. This could enable future analyses that may elucidate how functional

disconnection occurs during transitions to the SWAS state.

In conclusion, using SCA and dual regression analysis methods of resting state
FMRI data we found that functional connectivity in the thalamocortical system and
known resting state networks was significantly disrupted at SWAS. These findings
clearly indicate that the brain is in a strongly disconnected state when held at
SWAS. In light of leading theories of consciousness emphasising anterior-
posterior communication sustaining conscious experience, this implies that SWAS
is a state of unconsciousness under general anaesthesia. To the extent conscious
experience is possible, disruption of diverse brain networks involved in attending
to the external world, performing executive functions, and relaying and processing
of sensory information further implies that perception of external stimulation such
as surgical pain is precluded at SWAS. Therefore, the present findings provide

further support for SWAS as a state of perception loss under general anaesthesia.
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7 Concluding remarks

The motivation to embark on this thesis was deeply rooted in curiosity about the
phenomenon of subjective, conscious experience that long has intrigued
philosophers and scientists. | aimed to build on the foundational work of the SWAS
brain state with a view towards improving our understanding of SWAS, as well as
anaesthesia-induced loss of consciousness more generally. Crucially, this work
was done with a view to translate these advances to clinical practice by developing

SWAS as a target for clinical anaesthesia.

In this thesis, | have reported on the development of a prototype system for
titrating anaesthesia to SWAS within an individual. Next, | reported on the
application of the prototype system in two studies, one focused on the clinical
translation of the SWAS end point and another focused on experimental validation
of SWAS as a state of perception loss under general anaesthesia. | have shown
that cerebral blood flow is profoundly altered in the SWAS state under sevoflurane
anaesthesia. Finally, | have shown that processing of external stimulation was
severely disrupted in individuals held at SWAS and that this was accompanied by
significant breakdown in functional connectivity within the thalamocortical system

and resting state networks.

The work reported in this thesis has several innovations over the current

neuroimaging literature of anaesthesia. A major challenge when studying
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anaesthesia is consolidating findings across studies and anaesthetic agents.
Different studies operationalise loss of consciousness in different ways, leading to
reported findings about brain activity under loss of consciousness conflating a
range of different brain states. The work presented in this thesis addresses this
problem by targeting a specific brain state, SWAS, and showed that it is feasible to
titrate anaesthesia to this state. Independent of the clinical viability of SWAS, this
provides a framework for the investigation of surgical levels of anaesthesia that

can allow comparisons between studies and anaesthetic agents.

Another innovation in the work presented in this thesis is the strict control of
anaesthetic effects on cerebral blood flow. The potential confounding effects of
anaesthesia on BOLD FMRI have been known for some time. Palanca et al.,
(2015) indirectly accounted for this by controlling for sevoflurane-induced changes
to CO2. However, to our knowledge, ours is the first neuroimaging study of

anaesthesia to incorporate CBF changes in analyses of neuronal activity.

Our results provide support for broader theories of consciousness that emphasise
the integration of information from distributed neuronal networks, including the
integrated information theory and the global workspace hypothesis. The cortical
bistability that underlies slow waves across unconscious states has been argued
to disrupt causal integration (Pigorini et al., 2015), providing a potential
mechanistic explanation for how a diverse range of anaesthetic agents have the
common effect of supressing consciousness. We have shown that when held at

the SWAS end point, i.e., when cortical bistability is maximal, the brain’s ability to
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respond to external stimulation is severely disrupted. This implies that conscious
perception of external stimulation is not possible in the SWAS state. Our finding
that functional connectivity in large-scale brain networks is significantly reduced
when held at SWAS further supports this interpretation. Crucially, however, our
data cannot demonstrate a causal relationship between the reduction in functional

connectivity and disruption of sensory processing observed at SWAS.

Recently, it has been argued that slow waves are not a universal indicator of loss
of consciousness (Frohlich et al., 2021). The authors point to counter examples
where slow waves are observable in conscious states, such as delirium and
certain neurodevelopmental disorders. The authors conclude that clinicians should
not infer consciousness in patients from slow wave power alone. The hypothesis
that SWAS is a state of perception loss under general anaesthesia is entirely in
line with this position. The potential neurophysiological underpinning of SWAS
implies that increasing slow wave power during anaesthetic induction stems from
an increasing number of cortical neurons being recruited into the slow oscillation.
This further implies that simply observing slow waves under general anaesthesia
may not be sufficient to establish loss of consciousness, as it is when the slow
waves power reaches saturation that the full consciousness-supressing effect of
the anaesthetic has been achieved. Furthermore, it may be overly reductive to
argue that high power in the slow wave frequency band is indicative of the same

underlying neural processes across all.
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Finally, the work in this thesis has important clinical implications. We have
demonstrated that it is feasible to titrate anaesthesia to SWAS within an individual
with good accuracy within a time frame that is clinically viable. Furthermore, by
analysing stimulus-evoked and resting brain activity having titrated anaesthesia to
SWAS, we have provided validation that SWAS is a state of perception loss under
general anaesthesia. The prototype system for titrating anaesthesia to SWAS
provides a foundation for the development of an individualised depth of
anaesthesia system. While large scale clinical trials are necessary to establish the
clinical efficacy of the SWAS end point as a target, it is noteworthy that in the
limited samples analysed to date, there have been no positive IFT responses at

SWAS and no post-recovery recall of external events.

A limitation of the work presented in this thesis is that the ASL, task and resting
state FMRI analyses have focused on steady state acquisitions at SWAS. While
this allows for detailed investigation of SWAS, which is useful for clinical validation
of SWAS, it does not tell us how the brain transitions from wakefulness to SWAS.
Furthermore, this work does not provide evidence that SWAS specifically is a state
of complete unconsciousness compared to other points along the transition to
SWAS (e.g., at 70%, 80%, or 90% slow wave power compared to SWAS). As part
of Study 2, FMRI was acquired during transition from wakefulness, through LOBR,
to SWAS. | was not able to analyse this data within the scope of my thesis, but
future work on this data may elucidate how this transition occurs, as well as
whether neural correlates of consciousness cease completely at SWAS or earlier

in the transition to SWAS.
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The phenomenon of consciousness has intrigued and perplexed philosophers and
scientists for centuries, but only in the past few decades has modern
neuroimaging techniques allowed for a true science of consciousness to emerge.
In this thesis | have leveraged advanced multimodal neuroimaging techniques to
overcome key challenges in the study of anaesthesia-induced loss of
consciousness. By doing so, | have been able to provide validation that SWAS is a
state of perception loss under general anaesthesia and a promising target for

clinical anaesthesia.
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