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ABSTRACT

Anesthetic drugs can induce reversible alterations in responsiveness, connectedness
and consciousness. The measures based on electroencephalogram (EEG) have
marked potential for monitoring the anesthetized state because of their relatively
easy use in the operating room.

In this study, 79 healthy young men participated in an awake experiment, and 47
participants continued to an anesthesia experiment where they received either
dexmedetomidine or propofol as target-controlled infusion with stepwise increments
until the loss of responsiveness. The participants were roused during the constant
drug infusion and interviewed. The drug dose was increased to 1.5-fold to achieve a
deeper unresponsive state. After regaining responsiveness, the participants were
interviewed. EEG was measured throughout the experiment and the N400 event-
related potential component and functional and directed connectivity were studied.

Prefrontal-frontal connectivity in the alpha frequency band discriminated the
states that differed with respect to responsiveness or drug concentration. The net
direction of connectivity was frontal-to-prefrontal during unresponsiveness and
reversed back to prefrontal-to-frontal upon return of responsiveness. The
understanding of the meaning of spoken language, as measured with the N400 effect,
was lost along with responsiveness but, in the dexmedetomidine group, the N400
component was preserved suggesting partial preservation of the processing of words
during anesthetic-induced unresponsiveness. However, the N400 effect could not be
detected in all the awake participants and the choice of analysis method had marked
impact on its detection rate at the individual-level. Subjective experiences were
common during unresponsiveness induced by dexmedetomidine and propofol but
the experiences most often suggested disconnectedness from the environment.

In conclusion, the doses of dexmedetomidine or propofol minimally sufficient to
induce unresponsiveness do not render the participants unconscious and
dexmedetomidine does not completely abolish the processing of semantic stimuli.
The local anterior EEG connectivity in the alpha frequency band may have potential
in monitoring the depth of dexmedetomidine- and propofol-induced anesthesia.

KEYWORDS: anesthesia, connectivity, consciousness, dexmedetomidine, EEG,
event-related potentials, interview, N400, propofol, responsiveness
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TIVISTELMA

Anestesialddkkeilld voidaan saada aikaan palautuvia muutoksia vastauskykyi-
syydessé, kytkeytyneisyydessi ja tajunnassa. Aivosdhkokdyrdadn (EEG) pohjautuvat
menetelmit tarjoavat lupaavia mahdollisuuksia mitata anestesian vaikutusta
aivoissa, silld niitd on suhteellisen helppo kayttié leikkaussalissa.

Tassé tutkimuksessa 79 tervettd nuorta miestd osallistui valvekokeeseen ja 47
heistd jatkoi anestesiakokeeseen. Anestesiakokeessa koehenkildille annettiin joko
deksmedetomidiinia tai propofolia tavoiteohjattuna infuusiona nousevia annos-
portaita kdyttden, kunnes he menettivit vastauskykynsd. Koehenkil6t herétettiin
tasaisen lddkeinfuusion aikana ja haastateltiin. Koko kokeen ajan mitattiin EEG:t4,
josta tutkittiin N400-herdtevastetta sekd toiminnallista ja suunnattua konnektiivi-
suutta.

Prefrontaali-frontaalivalilld mitattu konnektiivisuus alfa-taajuuskaistassa erotteli
toisistaan tilat, jotka erosivat vastauskykyisyyden tai lddkepitoisuuden suhteen.
Konnektiivisuuden vallitseva suunta oli frontaalialueilta prefrontaalialueille vastaus-
kyvyttdomyyden aikana, mutta se kdintyi takaisin prefrontaalisesta frontaaliseen
kulkevaksi koehenkildiden vastauskyvyn palatessa. N400-efektilld mitattu puhutun
kielen ymmairtdminen katosi vastauskyvyn menettimisen myotd. Deksmede-
tomidiiniryhméssd N400-komponentti sdilyi, miké viittaa siihen, ettd anesteettien
aiheuttaman vastauskyvyttdmyyden aikana sanojen prosessointi voi séilya osittain.
Yksilotasolla N400-efektid ei kuitenkaan havaittu edes kaikilla hereilld olevilla
henkiloilld, ja analyysimenetelmén valinnalla oli suuri vaikutus heritevasteen
havaitsemiseen. Subjektiiviset kokemukset olivat yleisid deksmedetomidiinin ja
propofolin aiheuttaman vastauskyvyttomyyden aikana, mutta kokemukset olivat
usein ympdristostad irtikytkeytyneité.

Yhteenvetona voidaan todeta, ettdi deksmedetomidiini- ja propofoliannokset,
jotka juuri ja juuri riittdvit aikaansaamaan vastauskyvyttomyyden, eivét aiheuta
tajuttomuutta. Deksmedetomidiini ei my0Oskéddn tdysin estd merkityssiséllollisten
arsykkeiden kasittelyd. Frontaalialueen sisélld EEG:114 mitattu konnektiivisuus alfa-
taajuuskaistassa saattaa olla tulevaisuudessa hyddyllinen menetelmi deksmede-
tomidiini- ja propofolianestesian syvyyden mittaamiseksi.

ASIASANAT: anestesia, konnektiivisuus, tajunta, deksmedetomidiini, EEG, heréte-
vasteet, haastattelu, N400, propofoli, vastauskykyisyys
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1 Introduction

Our life consists of subjective experiences: perceptions, sensations, thoughts and
feelings. These subjective experiences constitute our consciousness and make the
world how it is for us (Nagel, 1974). Despite the major ethical implications of the
topic, it is not known how consciousness is generated in the brain or how it could be
measured objectively. Even if the neural correlates of consciousness were
completely identified, the hard problem of consciousness would remain: why and
how the experience arises from physical processes like neural activity (Chalmers,
1995). The inherent subjectivity of consciousness makes it complicated to even
define consciousness unequivocally, although the conscious state can be defined as
an ability to have subjective experiences. Conscious experiences can be either
connected to or disconnected from the environment. While behavioral
responsiveness is straightforward to detect, conscious experiences can also exist in
the unresponsive state, and the subjective experiences can only be reported by the
person having the experiences after regaining responsiveness.

General anesthesia, natural sleep and some disorders of consciousness represent
examples of behaviorally unresponsive states where the presence of internal
experiences is externally undetectable. The incidence of recalled connected
consciousness during surgical anesthesia in the Western countries is typically
reported as 0.005-0.18% (Pandit et al., 2014a; Sandin et al., 2000). In Finland,
intraoperative awareness with later recall has been reported in 0.07% of outpatient
operations and 0.13% of inpatient operations (Wennervirta et al., 2002). However,
the occurrence of connected consciousness during general anesthesia may be much
more common but obscured by the amnestic effects of anesthetics (Lennertz et al.,
2023; Sanders et al., 2017). Also, around 40% of the patients with disorders of
consciousness who are considered as unconscious may show signs of consciousness
in a further standardized assessment (Schnakers et al., 2009). Although different
tools and tests have been developed for the monitoring behavioral and physiological
markers of consciousness, there is an acute need for an objective indicator of
consciousness and better indices of anesthesia depth. A deeper understanding of the
nature and the underlying mechanisms of the behaviorally unresponsive states is
needed to develop better markers of connectedness and consciousness.

13
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General anesthesia represents a unique possibility to reversibly study
responsiveness and consciousness. While surgical general anesthesia is often
achieved using a combination of several drugs, experimental anesthesia allows
focusing on the isolated effects of certain anesthetics with various doses and without
surgical stimulation. The comparison of several anesthetics acting through different
molecular mechanisms and studying both responsive and unresponsive states at the
same drug concentration may aid the identification of universal consciousness-
related characteristics. The effects of anesthesia on the brain can be studied using a
variety of different methods, such as functional magnetic resonance imaging (fMRI),
positron-emission tomography (PET), magnetoencephalography (MEG) and
electroencephalography (EEG).

EEG has a high clinical potential as it enables the on-line and on-site monitoring
of the brain. EEG measures the extracranial scalp potentials that have their origin in
postsynaptic and other contributing currents of thousands to millions of neurons
(Buzsaki et al., 2012; Cohen, 2017). The effects detected on the scalp are widespread
even if the sources were focal, and each electrode has been suggested to measure a
spatiotemporally smoothed local field potential from an area of 10 cm? or more
(Ahlfors et al., 2010; Buzsaki et al., 2012). The EEG is generally thought to originate
from the cerebral cortex and more specifically from the pyramidal neurons (Hari and
Salmelin, 2012) but also subcortical signals can be detected in scalp electrodes
(Piastra et al., 2021; Seeber et al., 2019). Although EEG and MEG measure signals
generated by the same sources in the brain, EEG is especially sensitive to radial and
deep sources while MEG is most efficient with tangential sources and they therefore
provide complementary information (Goldenholz et al., 2009; Hari and Salmelin,
2012; Piastra et al., 2021). Compared with fMRI- and PET-based brain imaging
methods, EEG has a millisecond-level temporal resolution and is a cost-effective and
easy-to-access method. In contrast to, for example, fMRI, EEG is a direct measure
of brain electrophysiological activity (Drew, 2019; Ekstrom, 2010) and it is in some
occasions more sensitive than fMRI (Curley et al., 2018).

The EEG consists of a wide frequency range of periodic fluctuations. The
coherent oscillations convey communication between neuronal groups, and typically
the oscillations of higher frequency are confined to a small neuronal space, whereas
large networks are involved in slow oscillations (Buzsdki and Draguhn, 2004;
Sauseng and Klimesch, 2008). EEG is typically roughly divided in frequency bands
of delta (04 Hz), theta (4—8 Hz), alpha (8—13 Hz), beta (13-30 Hz) and gamma (>30
Hz) oscillations (Fries, 2005, 2015; Sauseng and Klimesch, 2008). For example, the
normal awake state is characterized by alpha EEG patterns that are important for
consistent cognitive operations and especially the occipital alpha waves are
prominent during wakefulness (Cohen, 2017; Palva and Palva, 2007; Vijayan and
Kopell, 2012). Instead, anteriorly dominant alpha EEG patterns are characteristic in
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the presence of anesthetic drugs potentiating gamma aminobutyric acid receptor A
(GABAA4) signaling, such as propofol, and in certain pathological states of
consciousness, such as alpha coma (Ching et al., 2010; Kaplan et al., 1999; Purdon
et al.,, 2015). There are several ways to quantify the EEG based on the spectral
content of oscillations, cross-frequency coupling, connectivity and event-related
potentials.

In this thesis, two different anesthetic drugs, dexmedetomidine and propofol, are
used to manipulate the consciousness and responsiveness of healthy volunteers. The
aim is to shed light on the EEG-based neural correlates of anesthetic-induced
unresponsiveness by measuring connectivity and event-related potentials and to
explore the anesthetic-induced unresponsiveness as a subjective mental state by
collecting verbal reports of the subjective experiences occurring during
unresponsiveness, and by conducting memory tests measuring explicit and implicit
memory for stimuli that were presented during unresponsiveness. In addition, the
effect of the choice of analysis method on the detection rate of event-related
potentials is examined to support solving the methodological challenges related to
measuring the unresponsive state.

Connectivity is a tool to describe the interconnected organization of networks in
the brain (He et al., 2019). Studies on connectivity examine neuroanatomical links
between regions, statistical dependencies between signals from different areas, or
causal influence between different brain regions. Fries (2005) was the first to propose
that the communication between different brain regions can be inferred from phase
delays. The phase synchronization at a specific frequency band can be used to
measure the functional and directed connectivity. There is an ongoing discussion on
the roles of the cortico-cortical and thalamo-cortical networks, and the connections
between subcortical wake-promoting nuclei and the cortex in mediating
consciousness (Mashour, 2014; Mashour and Hudetz, 2017).

Event-related potentials (ERPs) are voltage deflections that have a stable time-
relationship to a reference event, such as a stimulus (Luck, 2014). ERPs have been
associated with increased neural activity and phase locking of background
oscillations (Fell et al., 2004; Telenczuk et al., 2010; Xu et al., 2016). An ERP
component is neural activity generated in a specific neuroanatomical module,
measured with EEG, when a specific computational operation is performed in the
brain (Luck, 2014). Typically, the ERP components observed late after stimulus are
related to more complex processing than the early components. Some ERP
components have been studied in the presence of anesthetics, but they have been
mainly early and automatic (Heinke et al., 2004a; Yppérild et al., 2002). In the
present thesis, the ERP component of interest is N40O that is observed 300—600 ms
after a potentially meaningful stimulus. The N400 has been previously studied in
other altered or pathological states of consciousness, such as sleep and disorders of
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consciousness, but not during anesthetic-induced unresponsiveness. Ultimately, an
index for consciousness should function similarly with each individual person.
However, there are methodological challenges both in measuring and analyzing
complex cognitive ERPs and these complicate comparisons of different studies.

The two EEG-based methods used in the thesis allow two different viewpoints
on the anesthetic-induced state: the information flow in the resting-state
measurements and stimulus-related cognitive processing. In addition, the subjective
reports elucidate the contents of consciousness recalled after unresponsive states. A
better understanding of the effects of anesthesia on the brain and the way that the
consciousness fades away are essential for developing better anesthesia monitors and
understanding the nature of the different unresponsive states that seem behaviorally
similar.

16
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2.1 Consciousness

Phenomenal consciousness refers to the presence of subjective experiences that feel
like something or have qualitative character (also known as qualia): there is
something that it is like to be a conscious subject. According to the phenomenal
criterion of consciousness, a person who is able to have experiences, such as
perceptions, thoughts, and memories, is conscious. These experiences, also called
the contents of consciousness, are not necessarily related to the external world but
can be internally generated, like dreaming or hallucinations. Consciousness related
to the detection of external, physical stimuli can also be termed awareness. The
ensemble of phenomenal contents of consciousness constitutes the state of
consciousness, and those contents may be reflected on by the person in the state —
the ability that is called reflective consciousness. A conscious creature may be
momentarily in unconscious state where there are no phenomenal experiences
(Revonsuo, 2006). The unconscious state can be temporary (dreamless sleep or deep
general anesthesia), long-lasting, or even permanent (coma or other disorders of
consciousness).

2.1.1 The state of consciousness

Consciousness can be understood as a dichotomous phenomenon based on the
presence of experiences: the person is either conscious or not. Also, the different
states of consciousness can be defined by the relations of the contents or patterns of
experience to the surrounding context (Revonsuo et al., 2009). In addition,
consciousness can be considered as a graded phenomenon with different levels of
consciousness (Bachmann, 2012; Laureys, 2005; Overgaard and Overgaard, 2010;
Tononi and Koch, 2008). This view has its origin in the clinical medicine where the
patients are evaluated with scales, like the Glasgow Coma Scale or indices for the
depth of anesthesia (Section 2.2.3; Bruno et al., 2011). Also theoretical frameworks,
like the Information Integration Theory and the related indices Perturbational
Complexity Index (PCI) and Explainable Consciousness Indicator (ECI), describe
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the state of consciousness in terms of one, graded object (Casali et al., 2013; Lee et
al., 2022).

The one-dimensional view of the state of consciousness is appealing as it might
allow comparisons between different pathological states and evaluating the distance
of a particular state from normal wakefulness. However, the state of consciousness
seems to be too complex to be represented on a one-dimensional scale as
demonstrated by the altered states of consciousness. The altered states of
consciousness are conditions where the neurocognitive background mechanisms of
consciousness are likely to produce misrepresentations of the world, such as
hallucinations, delusions, and memory distortions (Section 2.1.4; Revonsuo et al.,
2009). The one-dimensional graded view of consciousness ignores the contents of
consciousness (Bayne and Hohwy, 2016) that are essential in defining the different
altered states. Recently, different multidimensional views have been presented
(Bayne et al., 2016; Walter, 2021). Most of the models highlight the arousal and the
richness of contents of consciousness. For example, Laureys (2005) and Bachmann
and Hudetz (2014) emphasize the interplay between wakefulness (“level”) and
contents (“data’). Monti and co-workers (2009) suggest a three-dimensional model
for assessing the patients with disorders of consciousness: awareness, wakefulness
and voluntary mobility. Bayne and Howhy (2016) describe the states of
consciousness by combining the contents of consciousness, the temporal and
attentional structure of the experience, and the functionality of the experiencer. Sanz
Perl and colleagues (2021) describe the dynamic stability and reversibility as the key
dimension across states with different origins. Other dimensions of consciousness
have been suggested to include executive and intentional functioning, reasoning,
attentional control, memory consolidation, meta-awareness, vigilance, sensory
richness, high-order object representation, and semantic comprehension (Walter,
2021).

One approach for classifying the states of consciousness is categorization based
on responsiveness, connectedness and phenomenal consciousness (Sanders et al.,
2012). These three measures can decouple in altered states of consciousness. Here,
responsiveness is defined as behavioral activity in response to external stimulation,
and connectedness as having experiences that are connected to the environment.
Conditions that are behaviorally similar can differ based on connectedness and
consciousness. For example, coma, locked-in syndrome, and natural sleep are
behaviorally unresponsive conditions although the experiences in the three states are
very different. In coma, the patient is not connected to the environment and has no
(at least known) contents of consciousness. Locked-in syndrome is characterized by
connectedness and awareness of the environment despite the unresponsiveness. In
natural sleep, the person is typically disconnected from the environment despite
occasionally having rich contents of consciousness in the form of dreams.
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2.1.2 Neural correlates of consciousness

The neural correlates of consciousness can be defined as the minimally sufficient
conditions for being in an overall conscious state rather than in an overall
unconscious state (Hohwy, 2009). Furthermore, the neural correlates of
consciousness can be seen as the minimal neural systems whose states correspond to
specific states of consciousness, and a given state of a neural system is sufficient for
the existence of the corresponding state of consciousness (Chalmers, 2000). In
addition to the full neural correlates of consciousness that are related to the global
state of consciousness, also content-specific correlates of consciousness can be
studied (Chalmers, 2000; Koch et al., 2016). The neural correlates of the contents of
consciousness are the minimum neuronal mechanisms jointly sufficient for any
specific conscious percept (Koch et al., 2016). Both correlational and causal
relationships between consciousness and the neural representational systems are
often considered when studying the neural correlates of consciousness (Aru et al.,
2012; Koch et al., 2016). As the causal relations are more relevant for the scientific
explanation of consciousness than mere correlations, it has been suggested that the
concept of “constitutive mechanisms of consciousness” could be used instead of
“neural correlates of consciousness” (Revonsuo, 2006).

A variety of neurocognitive theories have been developed to describe the nature
of consciousness (Northoff and Lamme, 2020; Seth and Bayne, 2022; Signorelli et
al., 2021). Some of the theories that are currently undergoing empirical testing
include the Global Neuronal Workspace Theory (Baars, 2005; Dehaene and
Changeux, 2011), the Recurrent Processing Theory (Lamme, 2006, 2010), the
Information Integration Theory (Tononi, 2004; Tononi et al., 2016), and higher order
theories, like the Higher Order Thought Theory (Brown et al., 2019; Lau and
Rosenthal, 2011). Many of these theories consider cortical processing as an essential
contributor to consciousness, yet they highlight different cortical networks. The
Global Neuronal Workspace Theory emphasizes anterior-posterior connections
(Dehaene and Changeux, 2011; Mashour et al., 2020), the Recurrent Processing
Theory highlights recurrent processing in the ventral occipitotemporal cortex
(Boehler et al., 2008; Lamme and Roelfsema, 2000), higher order theories
concentrate on the prefrontal cortex (Brown et al., 2019; Lau and Rosenthal, 2011),
and the Information Integration Theory locates the correlates in the posterior cortex
(Koch et al., 2016). In addition to the cortical regions, the roles of subcortical
structures and thalamo-cortical networks have been highlighted by many theories of
consciousness (Fuller et al., 2011; Llinas et al., 1998; Ward, 2011), and the thalamus
has been reported to have an important role in controlling the state of consciousness
in altered or pathological states of consciousness (Alkire et al., 2000; Uhrig et al.,
2016; Schiff et al., 2007). For example, the disconnection and recovery of
connectedness has recently been associated with the thalamus, anterior and posterior
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cingulate cortex, and angular gyri (Scheinin et al., 2021). Also different localization-
free approaches that take advantage of cell-level integration mechanisms (Aru et al.,
2020), or of mathematical measures like network dynamics and configurations (Kim
etal., 2016, 2018; Li et al., 2019; Moon et al., 2015) or chaos-theoretic views (Toker
et al., 2022) are becoming increasingly popular. Further, the framework of predictive
coding (Friston, 2010) has been suggested to set the background for many functions
that are closely related to consciousness, like dreaming, semantic processing, or
sensory connectedness (Hobson et al., 2014; Kuperberg et al., 2020; Sanders et al.,
2021).

Several views combining the state-related and content-related correlates of
consciousness have also been presented. The brain structures responsible for the state
and contents are suggested to act jointly for conscious perception (Bachmann and
Hudetz, 2014; Overgaard and Overgaard, 2010). Mashour and Hudetz (2017)
describe the level of consciousness as a result of bottom-up processes, which are
mediated through subcortical sleep-wake networks, and the contents of
consciousness as a result of top-down processes mediated through thalamo-cortical
and cortico-cortical networks. Both processes can be degraded by general
anesthetics, and Mashour and Hudetz suggest that propofol and halogenated ethers
affect both the level and contents of consciousness while dexmedetomidine degrades
mostly the level and ketamine mostly the contents of consciousness. It has also been
suggested that the state and contents of consciousness are linked by specific
pyramidal neurons that are part of both cortico-cortical and thalamo-cortical loops
(Aru et al., 2019).

21.3 The problem of measuring consciousness

Although consciousness is subjective by its nature, there is a constant need for
measuring the state of consciousness objectively in different clinical conditions. The
conscious detection of specific, externally presented stimuli can be expressed
through behavioral signs, like pressing a button, verbal comments, or mental
imagery, and some aspects of experiences can be studied with questionnaires.
However, verbal reports are usually needed for accessing the detailed contents of
consciousness. The subjective reports (Section 2.5) are not always reliable, and some
aspects of the experience may be difficult to describe, but essentially, there are
clinical conditions where the voluntary responses or verbal reports cannot be given.
Therefore, associations between subjective experience and brain processes are
studied to find neural correlates of consciousness that would enable objective
monitoring of consciousness (Chalmers, 2013). In the absence of a perfect indicator
for consciousness, clinical states are characterized with the help of surrogate
measures. For example, disorders of consciousness are defined and monitored based
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on motor and communicative tests, like the Coma Recovery Scale — Revised (Bruno
et al., 2011; Seel et al., 2010). The depth of anesthesia can be monitored with
behavioral and EEG-based measures (Sections 2.2 and 2.2.3) and further confirmed
with delayed interviews (Section 2.5).

Determining the timing of an experience reported in a delayed interview is
essential for associating an objective measurement with a subjective experience.
Serial awakening paradigm is one of the approaches to study the experiences
occurring during sleep or experimental sedation within a limited period of time using
consecutive awakenings (Casey et al., 2022; Noreika et al., 2009; Siclari et al., 2017).
This strategy enables within-state studies: the behaviorally or physiologically similar
states may be associated with different types of experiences, which allows
contrasting conscious and unconscious time periods. Currently, many efforts are
focused on the search for differences in the brain signals between disconnected and
unconscious states as determined by retrospective self-report (Casey et al., 2022;
Nieminen et al., 2016; Siclari et al., 2017; Wong et al., 2020). In contrast, the
disorders of consciousness are often studied by comparing different behaviorally
defined diagnosis categories to find neural correlates of consciousness (Beukema et
al.,2016). All of the above are examples of the calibration problem of consciousness,
that is, the lack of means to prove that the retrospective reports or behavioral
diagnoses are accurate reflections of a specific state of consciousness (Browning and
Veit, 2020; Michel, 2023).

Many studies on the neural correlates of the state of consciousness are based on
a between-subjects design (Scarpelli et al., 2015). In anesthesia studies, predefined
doses inducing unresponsiveness in all participants are typically used, and
differences between states are inseparable from differences merely related to the
dose of the anesthetic. Systematic within-subject analyses can confirm and elaborate
information on the potential neural correlates to ensure that the measures are truly
associated with the state and not due to general drug-related effects or individual
differences between participants. Importantly, trait-like individual characteristics
may interfere with the measures that could potentially be used to monitor the state.
For example, the anesthetic dose required to achieve a specific behavioral end-point
varies between individuals (Chennu et al., 2016; Veselis et al., 2004; Warnaby et al.,
2017) and two different anesthetic doses may result in comparable behavioral and
self-reported state and cognitive performance (Hall et al., 2000). The individual
differences of functional connectivity patterns measured in wakefulness are
preserved under dexmedetomidine sedation (Liu et al., 2019) and the strength of the
alpha band EEG networks at awake state has been associated with the sensitivity to
lose responsiveness due to propofol infusion (Chennu et al., 2016). In another study,
the cognitive and behavioral performance of participants receiving anesthetics could
not be predicted based on the dose and showed heterogeneity even at single
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concentration (Veselis et al., 2004). Also, the reporting frequency of dreams after
physiological sleep varies between individuals (Blagrove and Pace-Schott, 2010)
and a similar effect can be speculated to be associated with the report frequency after
anesthetized states.

Although group-level studies can elucidate general trends to guide the
development of further theories and future studies, only the measures that perform
reliably at the individual-level can have clinical relevance in monitoring the state of
consciousness (Mashour and Avidan, 2017). If subjective experiences were to be
combined with objective measures to identify and develop monitors for
consciousness, the individual level would be crucial. In order to draw conclusions
on the current state of consciousness of a particular individual based on an objective
indicator, it 1s essential to know the baseline level of the indicator in the normal
awake state, behavior of the indicator in other altered states, and the effects of the
methodological choices made in the process. For example, cognitive event-related
potentials are not necessarily detected in all healthy individuals (Cruse et al., 2014;
Rohaut et al., 2015; Sculthorpe-Petley et al., 2015). Many potential markers of
consciousness tested for unresponsive patients are affected by, for example, age (An
et al., 2022; Broderick et al., 2021; Federmeier and Kutas, 2005; Juottonen et al.,
1996; Kaiser et al., 2020; Obert et al., 2021; Mah and Connolly, 2018) or
comorbidities (Duncan et al., 2009; Kaiser et al., 2020), and the normative baseline
groups are required for unresponsive patients for establishing threshold values.
Patients with disorders of consciousness show particularly high variability in their
brain activity since each patient has a disorder with different etiology and the
measurements may be affected by fluctuations in arousal (Curley et al., 2018).

While the methods related to the analysis of verbal reports are relatively simple,
the objective measurements aimed at tracking the neural correlates of consciousness
often represent the newest and most complex technology and methodology available
(Chalmers, 2013). New methods are endlessly introduced, and it may be impossible
to compare the results of different studies with each other. The contribution of the
methodological choices is particularly high in individual-level studies since the study
material is typically smaller than in group-level settings. For example, the effect of
the choice of an analysis method for single-subject ERPs has been a topic of vivid
discussion (De Lucia and Tzovara, 2016; Gabriel et al., 2016; Naccache et al., 2016).
There are numerous ways to analyze the ERPs at the individual level, which
complicates comparisons between studies and evaluating the applicability of
different methods for determining the state of consciousness. Establishing
standardized pathways of measurements and analyses is needed for any measures
that could guide clinical decisions.

The use of an active task or external stimulation to study unresponsive patients
demonstrates one more problem of measuring of the state of consciousness (Storm
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et al., 2017). Mental imagery tasks have demonstrated covert, preserved
consciousness in patients who are behaviorally unresponsive due to severe disorders
of consciousness (Cruse et al., 2011; Curley et al., 2018; Owen et al., 20006).
Although the voluntary brain responses are an intriguing and important way to
communicate with the unresponsive patients, the proportion of conscious patients
may be substantially higher than the proportion of those who are capable to perform
brain-based command following (Schnakers et al., 2009). The voluntary action
requires understanding of the instructions, maintenance of attention, and capability
of working memory. Consequently, the lack of command-following cannot be
considered as evidence of the lack of consciousness (Hohwy, 2009). Also, in the
active paradigms used in the context of anesthesia, the unresponsiveness detected
with conventional methods or using the isolated forearm technique does not exclude
consciousness during anesthesia, but the active paradigms can only confirm the
presence of connected consciousness. In contrast to active task paradigms, the task-
free measures may be more powerful in the diagnostics of disorders of consciousness
(Bekinschtein et al., 2009; Kondziella et al., 2016; Stender et al., 2014). However,
stimulation may be beneficial for the detection of the patient’s cognitive processes
or connected consciousness. The passive paradigms that engage attention through
meaningful stimuli are successful prognostic markers in disorders of consciousness
(Naci et al., 2014, 2017; Rohaut et al., 2015; Sokoliuk et al., 2021a). Stimulation
during unresponsive states may provide additional information on connectedness or
the reactivity of the brain in addition to the stimulus-free, resting-state
measurements.

214 Altered and pathological states of consciousness

An altered state of consciousness is a condition with a qualitative and perceivable
alteration in the overall pattern of mental functioning compared with the baseline
awake state of consciousness (Tart, 1972), or a condition where the neurocognitive
background mechanisms of consciousness are likely to produce misrepresentations
of the world, like hallucinations, delusions, and memory distortions (Revonsuo et
al., 2009). For example, sleep and dreaming and general anesthesia can be
considered as altered states of consciousness. The origin of the alteration of the state,
such as spontaneous occurrence or physical, psychological, pathological, or
pharmacological induction can also be seen as a defining feature of an altered state
(Vaitl et al., 2005). In some definitions, altered states of consciousness are described
as temporary and reversible states (Revonsuo et al., 2009) but some others include
also pathological and potentially permanent changes in consciousness (Cofré et al.,
2020; Vaitl et al., 2005). Disorders of consciousness are pathological states that show
a change in the state of consciousness compared with the earlier, healthy state of the
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individual, but the recovery is typically slow or the state may be permanent. Since
sleep and disorders of consciousness are typically unresponsive conditions and thus
provide an interesting point of comparison for anesthetic-induced unresponsiveness,
they are shortly reviewed below before focusing on general anesthesia (Section 2.2).

Physiological sleep is a natural and regularly occurring state during which
disconnected experiences, i.e., dreaming may or may not occur. The sleep cycle
consists of non-rapid eye movement (NREM) sleep stages N1, N2, and N3, and rapid
eye movement (REM) sleep, and they can be identified based on the EEG, electro-
oculogram (EOG), and electromyogram (EMG) signals (Berry et al., 2015). The
EEG spectral patterns of different sleep stages constitute a continuum. The N1 stage
is characterized by the loss of occipital alpha waves (Prerau et al., 2017). Slow delta
oscillations, K-complexes, and sleep spindles (12—15 Hz) are typical in N2 sleep and
N3 is dominated by slow delta oscillations (<4 Hz). In REM sleep, the EEG follows
an activated pattern of mixed frequencies without K-complexes and sleep spindles
(Akeju and Brown, 2017). Dreaming occurs in all sleep stages, with REM sleep
being the most optimal for dream experiences to be recalled afterwards (Carr and
Solomonova, 2019). NREM dreams are typically shorter, more fragmented, and
more thought-like than REM dreams that are characterized by emotional and bizarre
contents (Carr and Solomonova, 2019). Although the processing of external stimuli
and especially self-relevant, emotionally salient stimuli and informative speech has
been reported during N1 and N2 stages (Blume et al., 2017; Legendre et al., 2019),
high-level parsing of the speech is disrupted in NREM and REM sleep (Makov et
al.,, 2017). However, a recent report revealed on-line muscle-based responsive
communication during REM sleep in a group of lucid dreamers demonstrating the
conscious processing of stimuli during sleep (Konkoly et al., 2021).

Disorders of consciousness are states associated with alterations in arousal
and/or awareness that are typically caused by cardiac arrest, traumatic brain injury,
intracerebral hemorrhage, or ischemic stroke (Edlow et al., 2021). The diagnoses of
disorders of consciousness are based on neurological evaluation that mainly utilizes
behavioral criteria and emphasizes, for example, sensory, motor, and communicative
skills (Seel et al., 2010). Recently, also neurophysiological and brain imaging
methods have been recommended as complementary methods for establishing the
diagnosis (Giacino et al., 2018; Kondziella et al., 2020). The distinguishing of the
different disorders of consciousness is non-trivial and varying nomenclature and sub-
division of states has been suggested (Curley et al., 2018; Hermann et al., 2021;
Naccache, 2018; Zasler et al., 2019). A rough classification of the disorders of
consciousness includes coma where both the consciousness and body functions
related to the wakefulness-sleep cycle are absent; unresponsive wakefulness
syndrome (UWS, previously vegetative state (VS) or apallic syndrome) where the
wakefulness-sleep cycle, respiration, digestion, and thermoregulation are preserved
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but the patient is considered unconscious due to the absence of communication or
voluntary movement; and minimally conscious state (MCS, or cortically mediated
state) where also signs of consciousness, such as visual pursuit, orientation to pain,
or nonsystematic following of commands, can be observed (Bruno et al., 2013). The
disorders of consciousness are characterized by various electrophysiological and
neuroimaging features and some measures have been suggested to help in finding
signs of consciousness in subacute and chronic conditions (André-Obadia et al.,
2018; Bai et al., 2021; Kondziella et al., 2020; Schiff et al., 2014). The delta and
alpha frequency bands are typically accentuated in the EEG of patients with
disorders of consciousness (Bai et al., 2021). Based on the current knowledge, covert
consciousness detected with volitional responses in fMRI or EEG, also called
cognitive motor dissociation, is present in up to 15-20% of patients with disorders
of consciousness (Edlow et al., 2021). Out of the patients diagnosed to have
UWS/VS, 32-41% might be misdiagnosed because they show some signs of
preserved consciousness in further evaluation, although the definition of the
UWS/VS only assumes preserved autonomic and reflexive functions (Schnakers et
al., 2009; Stender et al., 2014; van Erp et al., 2015; Wannez et al., 2017).

2.2 General anesthesia

General anesthesia is a reversible, drug-induced state that consists of
unconsciousness, amnesia, analgesia, and akinesia combined with physiological
stability (Brown et al., 2010). The American Society of Anesthesiologists (2019)
defines general anesthesia as a state in which the patient is non-rousable even with
painful stimulation in contrast to deep sedation where repeated or painful stimulation
produces purposeful responses despite the exposure to anesthetics. Sedation can also
be defined as a state characterized by diminished cognitive function due to hypnotic
or sedative agents while respiratory and cardiovascular functions remain intact
(Brown et al., 2010). In some contexts, the term general anesthesia is used to refer
to all anesthetic-induced unresponsive states, whereas sedation is used to describe a
responsive state under the influence of anesthetic agents. The most important field
of application for general anesthesia is surgical anesthesia that is necessary for much
of the modern medicine (Brown et al., 2018). Anesthetic agents can be administered
as manually controlled continuous intravenous infusion, target-controlled infusion,
as an intravenous bolus, or via inhalation (Joshi, 2021; Masui et al., 2010).

Clinical general anesthesia consists of induction, maintenance, and emergence
periods (Joshi, 2021). The administration of a small dose of a hypnotic agent, such
as propofol, induces sedation and makes the patient calm and rousable (Brown et al.,
2010). When the dose is increased, irregular respiratory pattern appears and
behavioral responsiveness, muscle tone, and many of the eye-related reflexes are lost
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(Brown et al., 2010). Muscle relaxants can be administered at the end of the induction
period, after which the patient is typically intubated. The maintenance of general
anesthesia can be performed using hypnotic, opioid, muscle relaxant, sedative, and
cardiovascular drugs, and the hypnotics can be administered as inhalation or
intravenously (Brown et al., 2010; Joshi, 2021). The patients are monitored based on
behavioral signs and an anesthesia monitor integrating information on, for example,
heart rate, peripheral oxygen saturation, blood pressure, carbon dioxide
concentration and mean alveolar gas concentration for volatile anesthetics (Ahonen
et al., 2017). Different EEG-derived measures can be used for the adjustment of the
depth of anesthesia. The ventilation and thermoregulation of the patient are also
supported (Ahonen et al., 2017). Emergence from general anesthesia is marked by
the return of spontaneous respiration, increases in the heart rate, blood pressure, and
muscle tone, and behavioral responses to pain and tracheal intubation (Brown et al.,
2010). The duration of the emergence period varies depending on the anesthetic
agents, their dosing, individual’s physiological characteristics, and the type and
duration of the preceding operation.

2.2.1 Anesthetic drugs

General anesthesia can be induced using drugs that act through different molecular
mechanisms. In the clinical setting, typically a balanced general anesthesia is
favored, that is, smaller doses of multiple anesthetic agents are used to maximize the
desired effects and to minimize the adverse effects (Brown et al., 2018). For
example, the antinociception produced by opioids can be supported with
dexmedetomidine as a part of multimodal anesthesia (Brown et al., 2018).

Out of the general anesthetic drugs used today, clinically the most significant
agents include the intravenous hypnotic propofol and the inhaled gases desflurane,
isoflurane, and sevoflurane. These drugs act primarily by modulating the gamma
amino-butyric acid A (GABAA) receptors in the synapses between the inhibitory
interneurons and the pyramidal neurons of thalamus, brainstem, cortex, striatum, and
spinal cord (Brown et al., 2018). In addition to GABA4 receptors, desflurane,
isoflurane, and sevoflurane also act through several other mechanisms (Alkire et al.,
2008a; Franks, 2008).

Dexmedetomidine is an alpha-2 adrenergic receptor agonist that has effects on
both arousal and nociception and its major field of application is in the intensive care
(Brown et al., 2018). Dexmedetomidine decreases the arousal by downregulating the
noradrenergic excitatory activation of preoptic hypothalamus, thalamus, basal
forebrain, and cortex (Brown et al, 2018). Patients can be roused from
dexmedetomidine-induced unresponsiveness which has been suggested to resemble
natural sleep (Huupponen et al., 2008).
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Ketamine acts through N-methyl D-aspartate (NMDA) receptors by inactivating
excitatory arousal pathways (Brown et al., 2018). At low doses, ketamine binds to
NMDA receptors on GABAergic inhibitory interneurons, which causes disinhibition
of pyramidal neurons and cortical activation that may result in hallucinations (Brown
et al., 2018). Higher doses of ketamine also block NMDA receptors of excitatory
pyramidal neurons (Brown et al., 2018). The inactivation of excitatory arousal
pathways from parabrachial nucleus and brainstem to the thalamus and basal
forebrain is a major contributor of ketamine-induced decrease of arousal (Brown et
al., 2018). Nitrous oxide and xenon are also NMDA receptor antagonists but they
have little or no effect on GABAAx receptors (Franks, 2008; Salmi et al., 2008).

2.2.2 Anesthetic-induced effects on the brain and
electroencephalogram

Although the molecular targets of different anesthetic drugs are mostly known, the
neural circuits responsible for the anesthetic effects have not yet been completely
characterized. For example, the roles of bottom-up (mediated through subcortical
sleep-wake networks) and top-down (mediated through cortico-cortical and thalamo-
cortical networks) processes in the anesthetic-induced states are still disputed
(Mashour, 2014; Mashour and Hudetz, 2017). Anesthetic agents may also differ in
terms of the roles of different mechanisms in modulating the state of consciousness
(Mashour and Hudetz, 2017). For example, propofol may affect both the bottom-up
and the top-down mechanisms, whereas dexmedetomidine has been suggested to act
mostly on the bottom-up processes (Mashour and Hudetz, 2017).

The reversible unresponsive states induced by general anesthetics and natural
sleep share many features. Roughly, the anesthetics act both at subcortical and
cortical brain areas but natural sleep is mainly induced by reduced subcortical
excitation to the cortex (Akeju and Brown, 2017; Moody et al., 2021). The sedative
effects of anesthetic drugs are partly mediated by the arousal-regulating nuclei in the
hypothalamus and brainstem, for example, through the disinhibition of neurons in
the ventrolateral preoptic nucleus or inhibition of locus coeruleus and awake-
promoting nuclei in hypothalamus, such as the tuberomammillary nucleus (Langsjo
et al., 2012; Moody et al., 2021). The thalamus has an important role in regulating
consciousness (Alkire et al., 2000, 2008a; Kantonen et al., submitted; Mashour and
Alkire, 2013; Scheinin et al., 2021). The central lateral thalamus and deep cortical
layers have been shown to contribute to the regulation of consciousness: the
stimulation of the central thalamus increases arousal during anesthesia and in
disorders of consciousness and may cause reactivation of the cortex and modulation
of feedforward and feedback connectivity (Bastos et al., 2021; Redinbaugh et al.,
2020; Schiff et al., 2007). Also, the thalamus and the brainstem are among the first
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areas activated upon emergence from general anesthesia and awakening from NREM
sleep (Balkin et al., 2002; Kantonen et al., submitted; Langsjo et al., 2012; Scheinin
etal., 2021).

The thalamus has been suggested to regulate the cortical communication through
oscillatory activation (McCormick et al., 2015). For example, thalamic nuclei
interact with the prefrontal cortex by modulating cortical gain and cortico-cortical
functional connectivity (Phillips et al., 2021). During anesthesia, communication
across brain regions is concentrated mainly in the structurally connected regions and
slow-delta oscillations have been suggested to mediate the isolation of local cortical
networks from the rest of the cortex (Lewis et al., 2012; Uhrig et al., 2018). The
anesthetic-induced effects of brain connectivity are discussed in Section 2.3.2.
Although the precise roles of frontal and posterior cortical areas are unclear in the
context of consciousness (Boly et al., 2017; Mashour et al., 2022), there is evidence
that the cholinergic stimulation of the prefrontal cortex can counteract the
sevoflurane-induced unresponsiveness in rodents (Pal et al., 2018, 2020). In
addition, the transition from wakefulness to NREM sleep is characterized by frontal
deactivation (Maquet et al., 1997; Muzur et al., 2002; Ruby et al., 2021) and the
stimulation of prefrontal cortex has positive effects on patients with disorders of
consciousness (Angelakis et al., 2014; Thibaut et al., 2014, 2017).

Since the cortex and subcortical structures are highly interconnected, the changes
in the neural activity of the thalamus and subcortical arousal centers are also reflected
in the scalp EEG (Ching et al., 2010; Purdon et al., 2015; Seeber et al., 2019). Each
anesthetic drug has distinct and dose-dependent EEG effects, which can be
considered as evidence of multiple neural circuits being involved in modulating the
state (Moody et al., 2021). Typical EEG signatures associated with propofol
anesthesia include slow delta waves (0.1-5 Hz) and frontally highlighted alpha
oscillations (8—14 Hz) (Akeju et al., 2014a; Purdon et al., 2015; Scheinin et al.,
2018). In addition, an initial increase followed by a decrease in the spectral power of
the beta band has been reported when the sedation deepens (McCarthy et al., 2008;
Purdon et al., 2015; Scheinin et al., 2018). EEG markers typical for sevoflurane,
isoflurane, and desflurane are oscillations in alpha, slow-delta, and theta bands, and
nitrous oxide is associated with slow delta and beta-gamma oscillations (Purdon et
al., 2015). At high doses, propofol, sevoflurane, isoflurane, and desflurane produce
burst suppression pattern in the EEG (Moody et al., 2021). Dexmedetomidine-
induced unresponsiveness is characterized by alpha or spindle activity (8—15 Hz),
slow delta band oscillations (0—4 Hz), and decreased beta power (Akeju et al., 2016a;
Purdon et al.,, 2015; Scheinin et al., 2018; Sleigh et al., 2018). Light
dexmedetomidine sedation induces EEG activity typical for the N2 stage of NREM
sleep, and deeper unresponsive dexmedetomidine sedation has similarities with N3
sleep (Akeju and Brown, 2017; Huupponen et al., 2008; Ramaswamy et al., 2021).
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The effects of ketamine sedation are most prominent in high beta and gamma bands
(>20 Hz) and higher doses are associated with altering gamma and delta (0.1-4 Hz)
oscillations (Akeju et al., 2016b; Maksimow et al., 2006). Broad spectral changes
due to anesthetics have been suggested to be related to disconnected consciousness,
while more focal changes within the cingulate cortex may be associated with
unconsciousness (Casey et al., 2022). The unresponsiveness induced by some
anesthetic drugs can be eliminated with antagonist drugs, which also reverse the
associated spectral changes (Ballesteros et al., 2020).

The delta power and especially its saturation to the individual maximal level has
been suggested to have potential in monitoring propofol and sevoflurane anesthesia
(Ni Mhuircheartaigh et al., 2013; Warnaby et al., 2017). The saturation of slow-wave
activity has been suggested to indicate the loss of perception of external stimulation
(Ni Mhuircheartaigh et al., 2013). The changes in the slow-wave activity show
asymmetry between the induction of and emergence from anesthesia, and abrupt loss
of slow-wave activity has been associated with undesired cognitive effects like
confusion or delirium (Warnaby et al., 2017).

The alpha band has been of special interest in studies of the EEG correlates of
different anesthetized states. Dose-independent decreases in the power of the broad
alpha band (7—17 Hz) have been connected with nociception during surgical general
anesthesia (Hight et al., 2019). The low level of frontal alpha power in response to
propofol or sevoflurane is associated with an increased propensity for burst
suppression pattern of EEG (Shao et al., 2020). Since intraoperative burst
suppression is associated with postoperative delirium, low power of frontal alpha
may be a marker of brain vulnerability in general anesthesia (Shao et al., 2020).
Another alpha-related trait-like feature is the association of weak networks in the
alpha band before sedation with an increased probability of propofol-induced loss of
responsiveness at moderate sedative doses (Chennu et al., 2016). Low frontal alpha
power is associated with rousability during dexmedetomidine and propofol sedation
(Scheinin et al., 2018) and loss of evoked posterior alpha rhythms is associated with
sensory disconnection during ketamine-induced unresponsiveness and NREM and
REM sleep (Darracq et al., 2018). Coherent frontal alpha oscillations during propofol
anesthesia have been suggested to indicate hypersynchronous communication
between the thalamus and frontal cortex and to be associated with behavioral
unresponsiveness (Ching et al., 2010; Vijayan et al., 2013) although opposite views
have also been presented (Malekmohammadi et al., 2019). An alternative view
suggests that flexible cortico-cortical communication is interrupted as a result of
stereotypical alpha oscillations (Supp et al., 2011). The spectral power of propofol-
induced frontal alpha is several folds higher than that of dexmedetomidine (Akeju et
al., 2014a; Scheinin et al., 2018). Dexmedetomidine-induced alpha/spindle
oscillations have been suggested to be generated by mechanisms similar to the

29



Roosa Kallionpaa

spindles in N2 sleep, that is, as a result of interaction of thalamic reticular
GABAergic and thalamo-cortical relay cells (Akeju and Brown, 2017; Ballesteros et
al., 2020; Huupponen et al., 2008; McCormick et al., 2015; Sleigh et al., 2011).

The mere increased spectral power of frontal alpha and delta does not guarantee
the disconnection of consciousness, and therefore the more complex measures of
EEG can provide additional information on the brain state (Gaskell et al., 2017). The
phase-amplitude coupling of delta and alpha bands shows the frontal “trough-max”
pattern in transitional states of propofol sedation, that is, the alpha amplitude is
maximal at the trough of delta oscillations (Mukamel et al., 2014; Purdon et al.,
2013; Scheinin et al., 2018). However, a broader “peak-max” pattern of alpha
amplitude being maximal at the peak of delta is detected in deep propofol sedation
(Mukamel et al., 2014; Purdon et al., 2013; Scheinin et al., 2018). The lack of peak-
max pattern during general anesthesia correlates with responsiveness measured with
isolated forearm technique more efficiently than the frontal alpha power (Gaskell et
al., 2017). However, the phase of slow-delta oscillations does not modulate the
amplitude of alpha oscillations during dexmedetomidine sedation (Scheinin et al.,
2018).

2.2.3 Clinical and experimental indices for the depth of
anesthesia

Clinical general anesthesia should be deep enough to suppress intra-operational
awareness but excessive drug doses should be avoided as they may cause prolonged
emergence period, inefficient early recovery, or postoperative cognitive dysfunction
(Chan et al., 2013). The incidence of intraoperative awareness with later recall has
typically been reported to range from 0.005% to 0.18% in western countries
(Mashour et al., 2009, 2012; Pandit et al., 2014b; Pollard et al., 2007; Sandin et al.,
2000; Sebel et al., 2004; Walker et al., 2016; Wennervirta et al., 2002), although also
higher incidences have been reported (Errando et al., 2008; Ranta et al., 1998). The
reported figures of intraoperative awareness with later recall are likely lower than
the true incidence of connected experiences during the maintenance of general
anesthesia (Kerssens et al., 2003; Sanders et al., 2017). In a large study performed in
the UK and Ireland, the risk factors for spontaneously reported intraoperative
awareness included neuromuscular blocking drugs, female sex, the age group of
young adults, obesity, juniority of the staff, previous awareness experiences, out-of-
hours surgery, emergency, and obstetric, cardiac, or thoracic surgery (Pandit et al.,
2014b). Intraoperative awareness can cause immediate undesired feelings like
helplessness, anxiety, and panic and it is a risk factor for late symptoms, such as
sleep disorders, fear of future operations and post-traumatic stress disorder
(Ghoneim et al., 2009; Whitlock et al., 2015). Better understanding of the neural
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mechanisms of the anesthetics and online monitoring of the depth of anesthesia
beyond the physiological markers and behavioral signs may help in titrating the
optimal anesthetic dose. The monitoring should also detect those occurrences of
intraoperative awareness that will not be remembered postoperatively (Sanders et
al., 2016).

The isolated forearm technique allows the inspection of goal-directed
responsiveness during general anesthesia despite of neuromuscular blocking agents.
Consequently, the method has improved the understanding of the amnestic effects of
anesthetics and the effects of akinetic drugs on the monitoring of the behavioral state
during general anesthesia. The technique is based on isolating the patient’s arm with
a pressure cuff before the induction of a neuromuscular blocking drug (Tunstall,
1977). The continuous use of the isolated forearm method is limited to short
operations and experimental settings due to the ischemia caused by the pressure cuff
(Russell, 2013; Sleigh, 2013). However, a peripheral nerve stimulator can be used
for monitoring the neuromuscular integrity of the hand, and the isolated forearm
technique can be used for longer operations if the tourniquet is released
approximately 20 minutes after the administration of the muscle relaxant and
reapplied whenever additional muscle relaxant is needed (Russell, 1979, 2013;
Russell and Wang, 2001). Even the regional use of an antagonist of neuromuscular
blockade has been successfully piloted and referred to as the reversed isolated
forearm technique (Hamp et al., 2016). However, in general, the isolated forearm
technique is still quite rarely used in clinical practice (Sury et al., 2014). In a
multicenter study, 4.6% of patients responded with the isolated forearm after tracheal
intubation for surgical anesthesia and 42% of them reported having pain (Sanders et
al., 2017). In another study, the preservation of connected consciousness after
intubation was even more common among young patients (18—40 years), 11% of
whom gave task-related responses with isolated forearm, and 49% of them reported
pain (Lennertz et al., 2023). In an earlier meta-analysis, as much as 35% of patients
participating in 22 different studies showed responsiveness during the induction or
maintenance of general anesthesia (Linassi et al., 2018) and another review
suggested that the percentage of those reporting pain would be 14% (Sanders et al.,
2012). However, the responsiveness detected with the isolated forearm technique has
rarely been associated with the postoperative explicit recall of the event (Linassi et
al., 2018; Lennertz et al., 2023; Sanders et al., 2017).

Most of the commercially available anesthesia depth indices are based on
processed EEG, are unidimensional, and have an index range that should correlate
with the state of consciousness varying from wakefulness to unconsciousness.
However, many of the present indices do not function properly or comparably with
anesthetics with the different mechanisms of action (Abel et al., 2021; Xi et al.,
2018). For example, if the index works well with the anesthetics acting primarily
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through GABAergic signaling, such as propofol or sevoflurane, it may not perform
equally well with alpha-2-adrenergic drugs like dexmedetomidine, or NMDA
antagonists like ketamine (Hirota, 2006; Maksimow et al., 2006). Also, the use of
multimodal anesthesia complicates the interpretation of agent-dependent indices.
The depth-of-anesthesia indices should also perform reliably in individuals of
different age despite the different spectral properties of children and elderly
compared with young adults. However, the currently available indices are influenced
by age (Obert et al., 2021). The commercially available EEG-based measures of
anesthesia depth include Bispectral Index (Medtronic, Minneapolis, MN, USA),
spectral entropy (Entropy Module, Datex-Ohmeda/GE Healthcare, Helsinki),
Narcotrend (Narcotrend Group, Hannover, Germany), auditory evoked potentials
(A-line AEP Monitor/2, Danmeter A/S, Odense, Denmark), and SEDLine (Masimo,
Irvine, CA, USA). These methods are usually based on proprietary secret algorithms
and manufacturer-provided threshold values. Head-to-head offline comparisons of
different anesthesia depth indices have been presented only recently (Eagleman et
al., 2021). The comparisons of different measures are also hampered by the constant
further development of the algorithms while most of the studies demonstrating the
clinical significance of these indices are from the early 2000s.

Bispectral index (BIS) can be measured with two or four channels of frontal
EEG. The BIS algorithm applies, for example, Fast Fourier Transform to calculate
the logarithmic power ratio of frequency bands 3047 Hz and 11-20 Hz, and
bispectrum in frequency bands 0.5-47 Hz and 40-47 Hz (Rampil, 1998). BIS is a
unidimensional index whose values range from 100 to 0 and the target level during
general anesthesia is between 60 and 40. Although BIS has performed well in many
studies (Myles et al., 2004), a meta-analysis suggested that BIS-guided anesthesia
reduces the risk for intraoperative awareness only slightly and does not differ from
end-tidal concentration-guided anesthesia (Lewis et al., 2019). In another meta-
analysis, definite awareness events were fewer in the BIS monitored group compared
with the group that was monitored based on the clinical signs only (Messina et al.,
2016). In one study with an unselected surgical population, the group monitored with
BIS had a significantly lower incidence of intraoperative awareness with explicit
recall than the group with no intervention, although BIS monitoring only non-
significantly decreased the incidence of intraoperative awareness compared with
anesthetic concentration protocols (Mashour et al., 2012). The use of the
manufacturer-recommended BIS target levels may lead to sub-optimal depth of
anesthesia, which can diminish the effect of BIS in comparison with other means of
monitoring (Scheinin and Langsjo, 2013; Yli-Hankala and Scheinin, 2015).

The Entropy is based on frontal EEG and EMG measured with three electrodes
and has two subindices: Response Entropy that ranges from 0 to 100 and State
Entropy that varies between 0 and 91 (Vakkuri et al., 2004). State Entropy utilizes
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the frequency band 0.8-32 Hz and Response Entropy is based on frequencies 0.8—
47 Hz. The Entropy has good sensitivity and specificity to behavioral responsiveness
and it correlates with drug concentration in clinical conditions (Schmidt et al., 2004;
Vakkuri et al., 2004) but there are no large published studies exploring its ability to
detect intraoperative awareness (Chhabra et al., 2016). When compared with each
other, BIS and Entropy are both sensitive to certain artefacts and EEG patterns, and
do not always agree (Aho et al., 2015).

The Narcotrend index has its origins in the visual classification of raw EEG
(Kreuer et al., 2004). However, it fails to detect awareness observed with the isolated
forearm technique (Russell, 2006). The A-line AEP algorithm is based on processed
middle-latency evoked potentials (MLAEP) in response to repetitive auditory stimuli
measured in a frontal electrode but information on the performance of the newest
versions of the algorithm is insufficient (Huang et al., 2007; Nishiyama, 2013; Struys
et al., 2002). SedLine Patient State index can take advantage of four electrodes but
it fails to reliably detect the behavioral responsiveness of the patient (Schneider et
al., 2003). Based on available evidence and expert consensus opinion, the British
National Institute for Health and Care Excellence (NICE) has recommended the
monitoring of anesthesia depth with either BIS, Entropy, or Narcotrend for patients
receiving total intravenous anesthesia and for patients who are at an increased risk
of unintended awareness or of excessively deep general anesthesia (National
Institute for Clinical Excellence NICE Diagnostics Guidance, 2012). The results of
a large multi-center trial later provided evidence to support the use of anesthesia
monitoring based on processed EEG during total intravenous anesthesia with
neuromuscular blocking drugs (Pandit et al., 2014b; Pandit and Cook, 2014).

Overall, the monitoring of the depth of anesthesia using EEG-derived measures
can reduce the consumption of general anesthetics and shorten the recovery times
(Bocskai et al., 2018; Gruenewald et al., 2021). The EEG-derived indices may reduce
the risk of postoperative delirium, although only a statistically non-significant effect
has been reported (Sumner et al., 2022). However, the currently available indices do
not provide sufficient specificity and sensitivity for the detection of intraoperative
awareness.

In addition to the clinically used and commercially available indices of
anesthesia depth, anesthetic-induced unresponsiveness can be studied with other new
or experimental methods. By improving our understanding of the anesthetic-induced
unresponsiveness, these approaches can lead to better clinical monitoring of
anesthesia depth and may also be applied in other altered and pathological states of
consciousness, such as disorders of consciousness. Non-commercial methods have
succeeded to demonstrate the preservation of task-related, volitional communication
despite unresponsive state. For example, brain imaging can detect covert
consciousness during anesthetic-induced unresponsiveness (Campbell et al., 2020;
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Huang et al., 2018a). Several novel EEG-based indices have been suggested for the
better monitoring of anesthetic depth, and many of them are related to revealing
preserved complex brain processing with, for example, the tools of network science
or machine learning (Abel et al., 2021; Eagleman and Drover, 2018; Lee et al., 2022;
Ramaswamy et al., 2019). For example, the TMS-induced PCI has been suggested
as a universal measure for distinguishing states of consciousness (Casali et al., 2013;
Casarotto et al., 2016). Perturbational complexity differentiates wakefulness from
unresponsiveness induced by propofol, midazolam or xenon, and correlates with the
dose of propofol (Casali et al., 2013). Propofol anesthesia is associated with low PCI,
and ketamine anesthesia shows high perturbational complexity (Sarasso et al., 2015).

2.2.4 Speech-related and semantic processing in
anesthetized states

The sensory disconnection and the aberrations of further processing of stimuli have
important roles when trying to understand the brain functioning in the presence of
anesthetics. Semantic processing is closely associated with consciousness — for
example, the lack of language comprehension is one of the criteria for UWS/VS, and
the covert processing of speech and semantics is correlated with a favorable
prognosis in disorders of consciousness (Coleman et al., 2009; Sokoliuk et al.,
2021a). Knowing how changes in the state of consciousness affect semantic
processing is essential to better understand intraoperative awareness during general
anesthesia and the disorders of consciousness. Brain activity related to perceived
speech may also be used as a model for speech production when constructing brain-
computer interfaces for behaviorally unresponsive states (Moon et al., 2022).
Recently, it has become possible to decode speech production of words and
sentences from paralyzed individual’s cortical activity with help of surface
electrodes and machine learning models (Moses et al., 2021).

The cortical auditory processing of speech starts with acoustic-phonological
processing at the primary auditory cortex at the middle part of the left superior
temporal gyrus. The processing of word form continues in the anterior superior
temporal gyrus accompanied by left perisylvian sources and the right temporal lobe
within 100 ms after stimulus (Friederici, 2012). After that, the syntactic processing
is continued in the anterior superior temporal gyrus and the superior temporal sulcus,
left inferior frontal and premotor areas, and supramarginal gyrus (Friederici, 2012;
Price, 2012). Lexical-semantic processing starts in the middle temporal gyrus,
association cortices, anterior temporal lobe, posterior temporal lobe, angular gyrus,
left lateral and medial superior frontal gyri, and ventral inferior frontal gyrus
(Friederici, 2012; Price, 2012). Activation in the precuneus and the posterior
cingulate cortex are associated with longer narratives (Friederici, 2012; Price, 2012).
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Numerous studies have shown brain activation elicited by auditory stimuli
during sedation or general anesthesia. Primary sensory processing is relatively well
preserved in primary auditory, visual, and somatosensory cortices during anesthetic-
induced unresponsiveness (Haider et al., 2013; Krom et al., 2020; Schroeder et al.,
2016). The brainstem auditory evoked potentials (BAEP), that reflect the activation
of the auditory nerve and brainstem, are relatively unaffected by anesthetic drugs
(Pruvost-Robieux et al., 2022; Seubert and Herman, 2017). The MLAEP have their
generators in the thalamus and the primary auditory cortex and show dose-dependent
increases of the latency and decreases of the amplitude in response to many
anesthetics (Plourde, 2006; Pruvost-Robieux et al., 2022; Seubert and Herman,
2017). Intracranially recorded auditory evoked potentials within 600 ms of the
stimulus are suppressed in the prefrontal cortex already at responsive propofol
sedation but evoked potentials in the auditory cortex do not degrade before the loss
of responsiveness (Nourski et al., 2021). Also based on fMRI, propofol decreases
auditory processing in a dose-dependent manner but primary cortical responses are
partially preserved even in general anesthesia (Dueck et al., 2005; Plourde et al.,
2006). Moderate and deep propofol and ketamine sedation allow the preservation or
even amplification of brain activity in response to sound stimuli in macaques, and
propofol has been suggested to induce partial functional disconnection between the
auditory cortex and the subcortical regions (Uhrig et al., 2016). Mild
dexmedetomidine and midazolam sedation but not propofol sedation decrease the
fMRI activity seen in the auditory cortex in response to music (Frolich et al., 2017).
In a rodent study, the effect of dexmedetomidine on the primary auditory cortex
differed from propofol and isoflurane: the processing of animal vocalization stimuli
was enhanced during dexmedetomidine sedation and decreased under propofol and
isoflurane sedation, and the loss of responsiveness further accentuated the
dexmedetomidine-induced effects (Banks et al., 2018).

A variety of auditory, non-semantic ERPs has been studied in propofol
anesthesia. The amplitude of the negative ERP component observed 100 ms post-
stimulus, N1, decreases at increasing doses of propofol (Haenggi et al., 2004;
Simpson et al., 2002; Yppérild et al., 2002, 2004a, 2004b). Some studies have also
reported an increase in the latency of N1 during anesthesia (Yppérild et al., 2002,
2004a). Propofol reduces but does not always completely abolish the mismatch
negativity (MMN) effect that is observed as a difference between standard and
deviant stimuli at 150-250 ms post-stimulus (Heinke et al., 2004a; Koelsch et al.,
2006; Simpson et al., 2002; Yppériléd et al., 2002). The preservation of MMN and
P3a (related to passive, task-independent attention switch) during deep sedation
suggests that bottom-up attention and auditory sensory memory are functional
although degraded during propofol anesthesia (Koelsch et al., 2006; Nourski et al.,
2018; Yppiérild et al., 2002). The P3b, that requires task-related attention, is lost

35



Roosa Kallionpaa

during deep sedation (Koelsch et al., 2006; Nourski et al., 2018). The P3b can remain
partially degraded and P3a may not be present at all during the recovery period,
which suggests impaired attentional processes due to anesthetics (Koelsch et al.,
2006). The local-global paradigm features MMN-like effects induced by local
deviants and P3b-like effects induced by global deviants. In macaques, the
processing of global deviants is preserved during propofol anesthesia although the
processing of local deviants is degraded (Uhrig et al., 2016).

Also, the processing of word stimuli has been found to be preserved in light
sedation. In one fMRI study, the processing of auditory word stimuli was comparable
before and after propofol-induced loss of responsiveness although less efficient in
the unresponsive state (Ni Mhuircheartaigh et al., 2013). The processing only
changed after the increasing dosing caused the saturation of the slow delta (0.5-1.5
Hz) power of EEG, which the authors suggest as an indicator of isolation of the
thalamo-cortical network from external stimulation. Recently, propofol-induced
unresponsiveness has been shown to disrupt the connections of associative cortices
in an experiment with simple auditory frequency stimuli and speech stimuli (Krom
et al., 2020). In one study, sevoflurane degraded the brain responses elicited by
repeated auditory word stimuli in a dose-dependent manner (Kerssens et al., 2005).
The auditory processing of words and the habituation effect in response to repetition
were preserved in the auditory, frontal, parietal, and occipital cortices under light
sevoflurane sedation but all stimulus-related activation was lost in deep sedation
(Kerssens et al., 2005). Furthermore, the activity elicited by words and other sounds
differs in the superior temporal areas in propofol sedation and this differentiation is
lost in general anesthesia (Plourde et al., 2006). Interestingly, scrambled words have
been found to induce greater activity in the planum temporale compared with normal
words in general anesthesia (Plourde et al., 2006).

The further comprehension of the meaning, measured as an fMRI difference
between sentences including ambiguous and unambiguous words, degrades already
at light propofol sedation in the inferior frontal and posterior temporal cortices
(Davis et al., 2007). However, the differentiation of speech and signal-correlated
noise in the temporal lobes is preserved both in light and deep sedation, although
prefrontal and premotor responses to speech are lost in deep sedation (Davis et al.,
2007). Another study found that responsive propofol sedation degraded the
activation of the left inferior frontal cortex but not the activation of the left inferior
temporal gyrus during a semantic decision task when the participants were able to
respond accurately (Adapa et al., 2014). In accordance with the study of Davis and
coworkers (2007), this study found that words induced higher activity in the left
inferior temporal gyrus than non-speech sounds (Adapa et al., 2014). In another
fMRI study, the frontal activation elicited by sentence stimuli was lost at
unresponsiveness induced by propofol administration (Heinke et al., 2004b). The
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sentence-related activation in the middle part of the superior temporal gyrus was
initially preserved during unresponsiveness but lost after an additional dose
increment (Heinke et al., 2004b). In a fourth propofol-based study, the task-related
effects were preserved in the primary auditory cortex but lost in the inferior frontal
gyrus and premotor areas during auditory word stimulation of unresponsive
participants (Liu et al., 2012). Also the connectivity between the auditory cortex and
higher-order areas was lost upon unresponsiveness (Liu et al., 2012). In another
recent study, the processing of verbal stories was preserved in the auditory cortices
but strongly degraded in the fronto-parietal regions during propofol-induced
unresponsiveness which was suggested to be due to the disconnection between
sensory and higher-order networks (Naci et al., 2018).

The findings regarding auditory and semantic processing in anesthesia show
similarities with observations from NREM sleep and disorders of consciousness.
During sleep, activity in the auditory thalamus and the primary auditory cortex
remain unchanged or only mildly degraded but the regions related to language
processing in the superior temporal gyrus show decreased activation, and the inferior
frontal gyrus is silenced (Wilf et al., 2016). The differential processing of one’s own
name in comparison with other names is preserved during natural sleep, and the
processing of speech by unfamiliar voices remains accentuated (Ameen et al., 2022;
Perrin et al., 1999). Preferential processing of participant’s own name and ability to
follow task instructions also differentiates patients in MCS from those with UWS/VS
(Schnakers et al., 2008). Preserved speech discrimination and processing of
ambiguity have been observed in some patients in MCS and UWS/VS and it
correlates with positive prognosis (Coleman et al., 2007, 2009).

In summary, auditory activation occurs in the brain during propofol and
dexmedetomidine sedation (Davis et al., 2007; Frolich et al., 2017; Heinke et al.,
2004b), although anesthesia may prevent higher-order processing of the sensory
information (Liu et al., 2012). The discrimination of words and other sounds is
preserved during light experimental propofol anesthesia although the processing of,
for example, ambiguity is lost already at low doses (Adapa et al., 2014; Davis et al.,
2007).

225 Memory in anesthesia

Memory loss, amnesia, is one of the purposes of general anesthesia. Testing the open,
explicit recall is usually a part of the post-anesthetic procedure, for example in the
form of the modified Brice questionnaire (Section 2.5.2). However, post-anesthetic
explicit recall does not necessarily reflect the experiences during anesthesia because
of the memory effects of the anesthetics (Sanders et al., 2017; Sandin et al., 2000).
Even in an immediate interview after one hour of responsive or unresponsive
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sedation with propofol, dexmedetomidine, sevoflurane, or S-ketamine, confirmed
awareness reports are rare with an incidence of 1% (Radek et al., 2021). However,
post-anesthetic memory traces of the verbal stimuli presented during anesthesia have
been detected in many studies using different recognition tasks to test explicit or
implicit memory (Deeprose et al., 2004, 2005; Iselin-Chaves et al., 2005; Kerssens
et al., 2009; Lubke et al., 1999; Stonell et al., 2006). Anesthetics do not seem to
affect the memorization of stimuli presented during the pre-anesthesia period (Hall
et al., 2000; Pryor et al., 2010; Veselis et al., 1992, 2004).

Explicit memory refers to conscious memory for experiences that can be
recollected or expressed to feel familiar (Gazzaniga and Heatherton, 2006). Explicit
recall may be tested in open interviews after anesthesia or in cued recall or
recognition tasks, such as the yes/no and forced choice tasks. Implicit memory refers
to the unconscious influence of past experiences on behavior. Typically, implicit
memory affects performance but not overt retrieval. Thus, to measure implicit
memory, tests such as reaction times or word stem completion tasks can be used.
Implicit memory traces formed under exposure to anesthetics have been detected in
some studies (Deeprose et al., 2004, 2005; Flouda et al., 2013; Ghoneim et al., 2000;
Lubke et al., 1999; Miinte et al., 2003). A recent meta-analysis mainly focused on
implicit memory during anesthesia but also included studies using only explicit
recognition memory, and found that the memory formation was associated with an
impaired overall physical condition (American Society of Anesthesiologists physical
status classification, ASA, II-IV) (Linassi et al., 2021). Interestingly, the
observations of the presence of implicit or recognition memory have been more
common after general anesthesia than after deep sedation and premedication with
benzodiazepines seems to decrease implicit memory formation (Linassi et al., 2021).
Surgical stimulation increases the probability of later implicit memory traces
(Deeprose et al., 2004).

Recognition memory is a form of retrieval of explicit memory and it can be
divided into two processes — recollection and familiarity (Carlesimo et al., 2015;
Scalici et al., 2017; Wais et al., 2006). During recollection, a stimulus that is judged
as having been previously encountered cues the recall of specific details that are
associated with the stimulus in memory. This may mean, for example, recollection
of what one was thinking or feeling when the stimulus was previously encountered.
Familiarity means that the recognition of a stimulus does not cue the recall of any
additional detail, but the experience of remembering is based solely on the perceived
memory strength of the recognized stimulus.

Different types of tasks can be used for testing the recognition memory,
including the remember/know task, the yes/no recognition task and the forced choice
task. Studies aiming at separating recollection and familiarity utilize the
remember/know task where participants are instructed to respond “remember” if
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they can recall contextual information about previous encounters of the stimulus
(recollection) and “know* if they know that the stimulus has been encountered
before but cannot retrieve its context (familiarity) (Kirwan, 2016). The yes/no task
is based on the simple question of whether the stimulus has been previously
encountered. In the forced choice task, the participant has to decide which of the
alternatives has been encountered before. The yes/no task could be hypothesized to
favor recollection memory in contrast to a forced choice test, yet familiarity and
recollection have been observed to contribute equally in these two protocols (Bayley
et al., 2008; Khoe et al., 2000).

Recognition memory for repeated word stimuli presented during surgical
sevoflurane anesthesia has been observed postoperatively (Kerssens et al., 2009). In
another study, the recognition memory for verbal stimuli presented during propofol-
induced unresponsiveness was at the random level after recovery (Liu et al., 2012).
At sedative concentrations, the high-performing subset of individuals receiving
dexmedetomidine, propofol, or thiopental have been found to be able to encode 90%
of the information in the long-term memory (Veselis et al., 2004). In the same study,
sedation lowered the rate of recognition irrespective of the drug but propofol had a
greater effect on the retrieval from the long term memory than dexmedetomidine or
thiopental (Veselis et al., 2004). In some but not all studies, the repetition of stimuli
during anesthesia has been found to increase the probability of later recall (Block et
al., 1991; Bonebakker et al., 1996). Propofol and midazolam have been shown to
affect the recollection and familiarity processes to a similar extent (Veselis et al.,
2009). Dexmedetomidine has been suggested to have a greater effect on the
familiarity process than on the recollection (Veselis et al., 2009) but such a difference
was not detected in another study (Hayama et al., 2012). The loss of memory due to
dexmedetomidine sedation is dose-dependent and has been suggested to be mostly
associated with memory encoding, which is in contrast to propofol that mainly
affects the retrieval of information from long-term memory (Hayama et al., 2012;
Pryor et al., 2010; Veselis et al., 2008). However, in one study, the substantial loss
in recollection performance immediately after the presentation of a word list during
dexmedetomidine sedation was independent of the dose used (Hall et al., 2000).

In the absence of anesthetics, emotional content has a preferential memory trace
over emotionally neutral material (Talmi, 2013). Dexmedetomidine degrades the
memory on emotional and neutral stimuli similarly and the emotional stimuli
presented during light dexmedetomidine sedation are memorized better than the
neutral stimuli (Hayama et al., 2012). Emotional and neutral stimuli are processed at
a comparable speed during dexmedetomidine sedation (Hayama et al., 2012). In
contrast, propofol and sevoflurane degrade the recognition of emotional stimuli more
than the recognition of neutral stimuli (Alkire et al., 2008b; Pryor et al., 2015). Both
dexmedetomidine and propofol cause the degradation of the hippocampal response
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to neutral and emotionally arousing stimuli already at sedative levels but have little
effect on the amygdalar response during sedation (Hayama et al., 2012; Pryor et al.,
2015). Because posttraumatic effects due to intraoperative awareness are possible
without explicit recall (Wang et al., 2012; Whitlock et al., 2015), it would be
important to better understand the memory traces related to neutral and affective
stimuli during anesthesia.

2.2.6 The phases of losing consciousness — the Hierarchical
Framework of Experiences

General anesthetics represent a possibility to manipulate the state of consciousness
in a gradual and controlled manner, allowing the examination of the phases
preceding the loss of consciousness. For example, Langsjé and co-workers (2012)
suggested four schematic layers, all of which are required for behavioral
responsiveness: consciousness, awareness and comprehension of stimuli, will and
intention to respond, and ability to respond.

In the context of this thesis, I suggest that responsiveness, connectedness, and
consciousness can provide a relevant framework for describing the qualitatively
different phases associated with the anesthetic-induced loss of consciousness. This
framework is hereafter shortened as the Hierarchical Framework of Experiences. The
framework is not intended to be generalizable to other altered states of
consciousness. The framework consists of four different phases induced by
deepening sedation: 1. responsive state with connected consciousness, 2.
unresponsive state with connected consciousness, 3. unresponsive state with
internally-generated experiences, and 4. unresponsive and unconscious state (Figure
1). Thus, according to this framework, responsiveness is lost first, then the
connectedness of the experiences, and finally experiences in overall. The framework
describes the phases of losing abilities — responding, perceiving the surroundings,
and experiencing. Obviously, unresponsiveness can also occur in the responsive state
due to unwillingness to respond, and also disconnected experiences may occur
during the connected states.
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Deepening of the sedation

»
>

Awake state Deep general anesthesia
Responsive Unresponsive Unresponsive Unresponsive
Connected Connected Disconnected Disconnected
Conscious Conscious Conscious Unconscious

Behavioral Stimulus-related Report-related
measurements measurements measurements

Figure 1. Framework of the characteristics related to losing consciousness in the context of
general anesthesia. The four different phases can be differentiated using, for example,
the methods shown at the bottom of the figure.

This framework is simplified and each of the four categories could be further
dissected into subcategories. In reality, the shifts between the states are likely gradual
instead of having sharp boundaries. Not all the states may always be experienced
between the awake state and deep general anesthesia, or the phases may be too short
to be measured. The phases associated with deepening anesthesia and their order
may differ between anesthetic drugs in terms of, for example, to what extent the
anesthetic induces dream-like content. The framework does not encompass the
anesthetic-induced alterations in the contents of consciousness, such as hallucinatory
experiences due to sedation in responsive state but the preserved possibility for
responsiveness, connectedness, or consciousness. Although the framework is
intended to depict the loss of consciousness, it might also describe the emergence
from general anesthesia in a reversed order. It has been shown that responsiveness
fluctuates during long anesthesia periods at the low drug levels (Kantonen et al.,
submitted), and a similar phenomenon might apply to connectedness and
consciousness. The potential overlap of the hypnotic effect of anesthetic drugs and
natural sleep may also affect the possible instability of the state during anesthesia.

The framework allows defining objective and measurable criteria for the
different phases. Responsive and unresponsive states can be differentiated based on
behavioral measurements. Connected and disconnected states in the presence of
consciousness can be differentiated based on stimulus-related measurements
requiring conscious processing or explicitly reported awareness reports. Out of the
currently available measures, the disconnected but conscious state could be best
differentiated from unconsciousness based on interview reports on subjective
experiences.

However, these measurements may not enable a complete characterization of the
individual’s state. On one hand, responding with, for example, handle presses may
become an automatized process that does not necessarily imply (connected)
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conscious experiences (Gaskell et al., 2017). On the other hand, loss of interest or
unwillingness to respond may cause unresponsiveness despite the ability to respond
(Pandit, 2013). Since measuring specific contents of consciousness based on stimuli
is not necessarily representative of the whole state of consciousness, the interview
reports may also be important for differentiating the connected and disconnected
states. Some of the cognitive processes decay earlier than others (Chennu and
Bekinschtein, 2012; Wang et al., 2012), which may complicate the use of stimulus-
related cognitive processing to index connected consciousness. Automatic brain
responses can be present although higher processing is lost, which highlights the
need for the careful selection of the test paradigm that involves the relevant
processing in order to differentiate connected and disconnected states. Further, the
anesthetics affect also unconscious processing, and the stimulus-related measure
should not decay too early. The differentiation of the disconnected conscious and
unconscious states is influenced by the limitations related to assessing subjectively
reported experiences and is confounded by many biases, such as memory effect,
willingness to report, and subjective effects in the interpretation of the reports
(explored in Sections 2.1.3 and 2.5). Memory formation adds another layer of
complexity that is relevant from the viewpoint of clinical practice. Memory encoding
may or may not occur in the first three phases of the suggested framework. Some
types of experiences, such as reflective consciousness, thoughts, or opinions, are
difficult to assign in a specific phase of the framework.

2.3 Connectivity

In order to understand the functioning of the brain and its changes, it is essential to
comprehend the complex network structure of the brain and the interactions between
and within the networks (Fox et al., 2005). In the science of brain networks, the brain
can be described at the macroscopic level as a small-world network where the nodes
can be, for example, EEG or MEG sensors, sources reconstructed from
electromagnetic signals, voxels of brain images, or broader structural or functional
organizational units (Bassett and Bullmore, 2017; Liao et al., 2017). Originally, the
brain networks were assumed to have symmetrical interactions between the different
brain regions but currently the main topic of interest is in the directionality of the
networks.

The key concept in the science of brain networks is connectivity that is a measure
of the interdependence of activity in different brain regions. Connectivity can be
defined as functional integration in the brain in contrast to the activation of a
segregated brain region (Friston, 2011) and it can be studied using many methods,
such as EEG, MEG, fMRI, and PET. Structural connectivity means the connectivity
mediated by neuroanatomical links that can be measured using, for example,
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magnetic resonance or diffusion tensor imaging (Cao et al., 2022). In contrast,
functional connectivity measures the statistical dependency of electromagnetic or
hemodynamic signals between different regions and its directed version is typically
called directed connectivity. Functional connectivity differs from effective
connectivity that can be defined as the causal influence between two neuronal
systems (Friston, 2011).

2.3.1 Measurement of connectivity

The comparison of the studies on connectivity is complicated by methodological
differences related to the choice of imaging or neurophysiological measurement
modality, as well as to the task and stimulation used. When studying the state of
consciousness, the resting-state and stimulus-related measures have been reported to
reveal either critically different (Naci et al., 2018) or similar results (Bourdillon et
al., 2020). For example, although most of the resting-state studies point out the
importance of changes in the feedback connectivity during general anesthesia,
especially the feedforward connections are highlighted when the brain is stimulated
with TMS during anesthesia (Sanders et al., 2018). Naci and colleagues (2018) found
that the loss of interaction between the sensory and fronto-parietal cortices was the
key mechanism of disrupted processing of external stimuli in propofol anesthesia,
but the resting-state measurements during anesthesia were characterized by
decreased connectivity within those networks.

Among the several different methods to measure functional, directed, or
effective connectivity using EEG or brain imaging, the simplest method to find
statistical dependencies between signals is correlation in the time domain and
coherence in the frequency domain (He et al., 2019). In fMRI studies, functional
connectivity is traditionally measured based on correlation coefficient calculated
over an entire scan or experimental condition (Friston, 2011; Lurie et al., 2020;
Tagliazucchi and Laufs, 2015) but currently the field is moving towards dynamic
and multidimensional connectivity measures. However, the new dynamic techniques
have given rise to methodological challenges and functional questions, such as the
effects of structured noise, the use of too short sliding windows, non-stationarity of
BOLD signal, or the selection of region-of-interest (Basti et al., 2020; Hutchison et
al., 2013; Lurie et al., 2020; Tagliazucchi and Laufs, 2015). The EEG-based
techniques typically employ the phase synchronization of signals from two
electrodes. There is a strong correlation between synchrony-based connectivity hubs
of EEG and brain glucose metabolism detected with PET (Chennu et al., 2017).
Optimal phase synchronization is thought to facilitate the communication between
regions while an opposite phase difference suppresses it (Fries, 2005). Coherence is
commonly used in the context of EEG although it is prone to errors related to zero-
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lag sources (Bastos and Schoffelen, 2015; Palva et al., 2018; Vinck et al., 2011).
Indeed, many of the EEG-based methods for studying connectivity are sensitive to
the effects of volume conduction and common reference channel, and these problems
can be approached using local referencing like current source density, source
reconstruction, or using methods that are insensitive to zero-lag interactions (Bastos
and Schoffelen, 2015). Many undirected measures related to coherence have been
introduced, like phase locking value, phase coherence, imaginary coherency,
pairwise phase consistency, or phase lag index (PLI) (Bastos and Schoffelen, 2015;
He et al., 2019). The PLI is a measure of phase synchronization with a nonzero phase
lag, which makes it less sensitive to volume conduction and the choice of reference
electrode (Stam et al., 2007). In a refined version of PLI, the weighted phase lag
index (wWPLI), the phase-locking values are weighted by the magnitude of the
imaginary component of the cross spectrum (Vinck et al., 2011).

To detect asymmetric connectivity, directed measures are needed. One example
is directed phase lag index (dPLI) that is defined as the probability that the phase of
one time series (EEG signal) lags the instantaneous phase of another signal (Stam
and van Straaten, 2012). Other possibilities for studying directed connectivity are
Granger causality that is based on linear autoregressive modeling of time-series,
directed transfer function, partial directed coherence, phase slope index, and transfer
entropy (Bastos and Schoffelen, 2015; He et al., 2019).

2.3.2 Connectivity in altered and pathological states of
consciousness

Several studies have reported different connectivity patterns between anesthetic-
induced unresponsiveness and wakefulness (Boly et al., 2012; Jordan et al., 2013;
Kuetal., 2011; Lee et al., 2009, 2013a; Ranft et al., 2016; Untergehrer et al., 2014;
Vlisides et al., 2017), mild and unresponsive sedation (Boly et al., 2012;
Guldenmund et al., 2016; Lee et al., 2017a), or unresponsive sedation and recovery
period (Ku et al., 2011; Lee et al., 2009, 2013a; Vlisides et al., 2017). Connectivity
may therefore provide tools to monitor anesthetic-induced unresponsiveness and
unconsciousness. However, since the experimental states compared in the previous
reports have been obtained by using different anesthetic doses, changes related to
unresponsiveness typically cannot be dissociated from the drug-induced effects. For
example, in EEG-based studies, especially alpha band connectivity networks show
decreased efficiency during propofol (Chennu et al., 2016; Lee et al., 2017b, 2013a),
sevoflurane (Blain-Moraes et al., 2015; Kim et al., 2016) and ketamine (Blain-
Moraes et al., 2014) sedation, yet it is unclear whether these changes are due to the
drug itself or the state of consciousness. The comparisons are further complicated by
the fact that connectivity may show asymmetry in neural dynamics between the loss
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and recovery of responsiveness (Huang et al., 2021; Kim et al., 2018): in one study,
the loss of responsiveness induced by propofol was associated with gradual changes
in functional connectivity and in the timescale of neural processing but the
emergence was associated with an abrupt restoration of the cortical speed of
processing and an increase in subcortico-cortical connectivity (Huang et al., 2021).
In addition, only a limited selection of drugs has been previously studied with no
studies exploring the effects of dexmedetomidine on electroencephalogram-based
measures of connectivity other than coherence (Akeju et al., 2014a, 2016a).

Fronto-parietal resting-state networks and temporo-parietal-occipital areas, also
called the posterior hot zone, have been suggested to be essential for human
consciousness (Bonhomme et al., 2019; Hudetz and Mashour, 2016; [halainen et al.,
2021; Koch et al., 2016; Laureys and Schiff, 2012; Siclari et al., 2017). Especially
the connectivity in certain resting-state networks, namely default mode network
(DMN), salience network, central executive network, and dorsal and ventral
attention networks have been studied during anesthesia. The connectivity-related
mechanisms of loss of consciousness suggested in the literature include the
disruption of thalamo-cortical and cortico-cortical connectivity within the fronto-
parietal networks (Boveroux et al., 2010; Jordan et al., 2013; Schrouff et al., 2011),
disruption of thalamo-cortical but not cortico-cortical connectivity (Akeju et al.,
2014b), disrupted cortico-cortical but not thalamo-cortical connectivity (Boly et al.,
2012; Monti et al., 2013; Murphy et al., 2011), disrupted frontal functioning
(Guldenmund et al., 2016; Liu et al., 2017a, 2017b), and the loss of complexity of
sparsely connected regions (Pappas et al., 2019). In some studies, the cortico-
thalamic connectivity has been preserved at loss of responsiveness but changes have
occurred in the subcortical network, including the putamen and amygdala
(Mhuircheartaigh et al., 2010; Sanders et al., 2012). The decreased within-network
activity in the frontal lobe and medial thalamus have been suggested to influence the
reduction of the between-network communication (Golkowski et al., 2019). The
suggested mechanisms related to anesthetic-induced states are controversial and
complicated by differences in the methodology and terminology. For example, the
feedforward projections are measured either from thalamus or cortex to different
cortical structures and feedback projections may start from higher-order or lower-
order cortex (Mashour, 2019a; Murphy et al., 2019). When studied separately, the
thalamo-cortical connectivity has been preserved between the thalamus and the
primary sensory areas although thalamic connections to the higher-order areas have
been decreased during anesthesia (Boveroux et al., 2010; Murphy et al., 2019; Ranft
et al., 2016).

The degradation of feedback signaling by anesthetics has been recently
associated with the loss of both thalamo-cortical and cortico-cortical connectivity
due to the decoupling of signaling at the apical dendrites of pyramidal neurons
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(Suzuki and Larkum, 2020), giving rise to the Dendritic Integration Theory of
consciousness (Aru et al., 2020). General anesthetics also cause reversible cortical-
wide synchronization of pyramidal layer 5 neurons (Bharioke et al., 2022). As the
layer 5 pyramidal neurons are the main source of the EEG signal, the EEG is an
interesting method for studying the whole-brain effects of anesthetics. EEG-based
studies on anesthetic-induced changes in connectivity have highlighted the fronto-
parietal connections. The loss of frontal-to-parietal feedback connectivity has been
reported in many studies (Lee et al., 2013a; Blain-Moraes et al., 2014; Jordan et al.,
2013; Ku et al., 2011; Lee et al., 2009, 2013b; Boly et al., 2012; Lioi et al., 2019;
Muthukumaraswamy et al., 2015; Ranft et al., 2016; Untergehrer et al., 2014;
Vlisides et al., 2017; Wang et al., 2022), and also the suppression of parietal-to-
frontal feedforward connectivity has been observed (Wang et al., 2022). The
functional disconnection between the anterior and posterior brain structures
measured with fMRI is associated with a reduction of frontal-to-parietal directed
connectivity detected by EEG-based symbolic transfer entropy and with a reduction
of frontal permutation entropy, which highlights the usefulness of the EEG-based
frontal monitoring of anesthesia (Jordan et al., 2013; Ranft et al., 2016). The fronto-
parietal loss of connectivity in anesthesia may be induced by cortico-cortical or
thalamo-cortical changes or their combination (Hudetz and Mashour, 2016). Also
other brain regions, such as the anterior insula, have been suggested to fragment the
anterior-posterior connectivity (Warnaby et al., 2016). However, in a recent study,
fronto-parietal feedback connectivity increased in propofol anesthesia and loss of
both the parieto-frontal feedforward connectivity and effective connectivity within
the temporo-parietal-occipital areas was related to propofol-induced
unresponsiveness (Ihalainen et al., 2021).

Taking together the results obtained using the different methods, anesthetic drugs
disrupt the functional connectivity between the anterior and posterior cortices and
the anterior-to-posterior directed connectivity (Hudetz and Mashour, 2016).
Anesthetics reduce (Boly et al., 2012; Jordan et al., 2013; Ku et al., 2011; Lee et al.,
2009, 2013a, 2013b; Lioi et al., 2019; Untergehrer et al., 2014; Vlisides et al., 2017)
or even reverse (Lee et al., 2013a; Lioi et al., 2019; Ranft et al., 2016) the dominant
anterior-to-posterior information flow of the normal awake state, which may be due
to a more prominent reduction in the feedback connectivity than in the feedforward
connectivity (Ku et al., 2011; Lee et al., 2009, 2013b; Untergehrer et al., 2014).
However, opposing views have also been suggested, for example, when evoked
responses are studied instead of resting-state connectivity (Sanders et al., 2018) or
methods based on Granger causality have been used (Maksimow et al., 2014;
Nicolaou et al., 2012; Ryu et al., 2017).

Despite the growing evidence highlighting the loss of anterior-posterior
connectivity in anesthetized states, the picture is not clear. Fronto-parietal
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connectivity during anesthesia is not stable and therefore does not reliably reflect the
state but the patterns of EEG connectivity alter dynamically during experimental
isoflurane and surgical general anesthesia (Li et al., 2019; Vlisides et al., 2019).
However, the connectivity patterns are more stable among children and adolescents
(Puglia et al., 2022). The frontal-parietal connectivity measured with wPLI in the
alpha frequency band does not correlate with the emergence from general anesthesia
(Zierau et al., 2021). It has been shown that connectivity and phase-amplitude
coupling within the structurally densely connected fronto-parietal network increase
as a result of propofol anesthesia in non-human primates (Ma et al., 2019). This is in
line with the previous results showing that connections tend to concentrate in the
structurally connected regions during anesthesia and in disorders of consciousness
(Demertzi et al., 2019; Uhrig et al., 2018), and long-distance connections are
decreased more than the local ones (Schroter et al., 2012). Namely, the local
synchronization may impede the communication between distant brain regions
during unresponsiveness (Huang et al., 2018b). Also other studies have suggested
the simplification of cortical connectivity dynamics as a sign of the anesthetic-
induced unresponsiveness (Golkowski et al., 2019; Vlisides et al., 2019). This
highlights the need for circuit-specific approaches in understanding the anesthetic
mechanisms and in the monitoring of the patients (Lee and Mashour, 2018; Mashour,
2019b).

In addition to the connectivity between the anterior and posterior parts of the
brain, the importance of the connectivity within the frontal lobe, an essential
contributor in higher-order information processing, has been highlighted in the
context of anesthesia. Propofol and sevoflurane decrease the activity and
connectivity of the frontal lobe, showing early and large effects compared with the
other parts of the brain in fMRI studies (Deshpande et al., 2010; Guldenmund et al.,
2016; Liu et al., 2017a; Ranft et al., 2016). Nevertheless, prefrontal-frontal
connectivity in the alpha frequency band measured using phase synchronization
increases during surgical anesthesia (Puglia et al., 2022; Vlisides et al., 2019) and
increased alpha frontal-to-prefrontal connectivity has also been reported in moderate
and deep propofol sedation (Lee et al., 2017a). Both dexmedetomidine and propofol
induce frontal coherence in the broad alpha band (Akeju et al., 2014a, 2016a; Purdon
et al.,, 2013). However, another study reported frontally unchanged alpha band
functional connectivity by propofol-induced unresponsiveness, yet the transitions
between responsive and unresponsive states induced increased connectivity in the
beta frequency band (Lee et al., 2017b). The importance of studying directed
connectivity during anesthesia was highlighted by a study focusing on ketamine
anesthesia that found no change in prefrontal-frontal alpha functional connectivity
but the prefrontal-to-frontal connectivity was reduced (Vlisides et al., 2017). The
frontal networks dominate in propofol anesthesia and the state of responsiveness
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correlates more strongly with the changes in network topology than with the strength
of connection (Lee et al., 2013a). Many of the different functional connectivity
patterns observed during isoflurane anesthesia are predominantly localized in the
prefrontal-frontal area (Li et al., 2019) and the hypersynchronous frontal theta-alpha
activity is a dominant marker of anesthetic maintenance in children (Puglia et al.,
2022). It seems that frontal cortical areas have an important role in the arousal-
promoting networks (Mashour et al., 2022).

Many of the effects of anesthetics on connectivity generalize over different
anesthetic drugs. For example, propofol and dexmedetomidine have been shown to
reduce both local and global information transfer (Hashmi et al., 2017; Monti et al.,
2013). However, some of the anesthetic effects on connectivity may be agent-
specific, and less is known about dexmedetomidine than about propofol or
halogenated ethers. For example, dexmedetomidine has been found to disrupt the
cortico-cortical fronto-parietal connectivity less than other anesthetics (Akeju et al.,
2014b). Propofol and volatile agents affect cortico-cortical connections in addition
to the potential thalamo-cortical disruption (Boly et al., 2012; Boveroux et al., 2010;
Monti et al., 2013; Palanca et al., 2015; Ranft et al., 2016). Akeju and co-workers
(2014b) suggested that dexmedetomidine impairs thalamo-cortical resting-state
connectivity similarly to NREM sleep (Picchioni et al., 2014). In another study, the
decrease of thalamo-cortical connectivity was smaller in dexmedetomidine-induced
unresponsiveness than in N3 sleep or in propofol-induced unresponsiveness
(Guldenmund et al., 2017). Also, individual differences in functional connectivity
patterns are especially prominent in fronto-parietal networks and relatively
independent of the dexmedetomidine sedation (Liu et al., 2019).

Thalamo-cortical and cortico-cortical disconnections have also been reported
during sleep (Guldenmund et al., 2017; Massimini et al., 2005; Spoormaker et al.,
2010) and in disorders of consciousness (Bai et al., 2021; Boly et al., 2011; Crone et
al., 2014; King et al., 2013; Laureys and Schiff, 2012; Lehembre et al., 2012). The
disruption of long-range connectivity along the anterior-posterior axis has been
suggested to correlate with the severity of the disorders of consciousness (Bai et al.,
2021; Boly etal., 2011; Laureys and Schiff, 2012; Lehembre et al., 2012) and the EEG-
based connectivity can be used as a prognostic factor (van den Brink et al., 2018).
Disruption of anterior-posterior connectivity has been reported also in NREM sleep
(Chow et al., 2013; Tagliazucchi et al., 2013). Unresponsive propofol anesthesia and
N2 and N3 sleep are characterized by alpha band connectivity particularly within the
prefrontal cortex in contrast to the high wPLI within the temporal lobe in wakefulness,
N1 and REM sleep, and in responsive propofol sedation (Banks et al., 2020). Dream-
report related and dreamless NREM sleep are not differentiated by fronto-parietal EEG
connectivity at low frequencies (<4 Hz) but reduced phase-locking is associated with
dream content (Lee et al., 2019). In addition, decreased local posterior connectivity in
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the delta frequency band correlates with conscious experiences during sleep (Lee et
al., 2019). In another study, different NREM sleep stages were not separated by alpha
band functional connectivity (Imperatori et al., 2021). However, functional alpha
connectivity did discriminate wakefulness and REM sleep: whole-brain measurements
showed high alpha connectivity in the awake state and low alpha connectivity during
REM sleep (Imperatori et al., 2021).

2.4 N400

The N400 component is a negative event-related potential peaking around 400 ms
after stimulus. The N400 was first reported in 1980 by Kutas and Hillyard in the
context of reading senseless sentences (Kutas and Hillyard, 1980). Since then, the
N400 has been found to be elicited by all potentially semantic stimuli including
linguistic stimuli, such as stories, sentences, word pairs, and pseudowords, and non-
linguistic stimuli, like drawings, photos, gestures, faces, environmental sounds, and
odors (Ganis et al., 1996; Ganis and Kutas, 2003; Grigor et al., 1999; Holcomb,
1993; Kelly et al., 2004; Kutas, 1993; van Berkum et al., 1999; van Petten and
Rheinfelder, 1995; Voss and Paller, 2006). The N400 has been suggested to reflect
the processing of meaning, and its amplitude is inversely proportional to the
contextual fit of a stimulus. Therefore, the amplitude of the N400 component is
larger for unexpected than for expected stimuli, and the difference between the two
conditions is termed the N400 effect. For example, N400 is elicited by all words of
a sentence but the amplitude decreases gradually along with the building of the
context (Kutas and Hillyard, 1984). N400 can be elicited by stimuli in different
sensory modalities and by mixtures of different modalities (D’ Arcy et al., 2004).

241 Processes reflected by N400

N400 is an ERP component with a long duration and it is typically studied in the
time window that starts 200—300 ms and ends 600—800 ms post-stimulus (Figure 2;
Cruse et al., 2014; Duncan et al., 2009; Revonsuo et al., 1998). The early part of the
negative deflection may be due to the combination of the phonological mismatch
negativity and N400 (D’Arcy et al., 2004). The type of the stimulus affects the
duration of the N400: sentence stimuli induce stronger and longer N400 effect than
mere manipulation of lexical characteristics, like word frequency or relatedness
(Duncan et al., 2009; Kutas, 1993). In experiments studying N400, the EEG is
typically referenced to mastoid average or linked earlobes and the peak N400 effect
is observed in centro-parietal midline electrodes (Duncan et al., 2009). However, the
amplitude of the N400 component is larger and spatially more broadly distributed
than that of many other ERP components (Van Petten and Luka, 2006).
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Figure 2. The time scale and size of the N400 ERP component compared with the auditory evoked
potentials used in clinical contexts, such as neurophysiological diagnostics and
intraoperative monitoring. A. A schematic representation of the waveform of an auditory
evoked potential recorded at vertex (Cz) in response to a brief sound. The latency and
the voltage are presented with a logarithmic scale. Abbreviations: BAEP, brainstem
auditory evoked potentials; MLAEP, middle-latency auditory evoked potentials; LLAEP,
long-latency auditory evoked potentials. Drawn based on Hillyard and Kutas (1983),
Kumar et al. (2000), Pockett (1999), and Trainor (2007). B. A typical auditory event-
related potential waveform recorded at vertex in response to semantically congruent
and incongruent speech stimuli. A group-level average is shown. The latency and the
voltage are presented with a linear scale. The time windows of the BAEP and MLAEP
responses corresponding the panel A are shown. Different evoked and event-related
potentials require different types of stimulation paradigm, recording and preprocessing
for an optimal measurement.

In addition to semantic relations, N400 effect has also been detected separately
for associative relations (Cruse et al., 2014; Koivisto and Revonsuo, 2001; Rhodes
and Donaldson, 2008). In addition, both the discourse-level information and the
general knowledge of the world modulate N400 (Boudewyn et al., 2012; Hagoort et
al., 2004; Hald et al., 2007; Mitchell et al., 1993; van Berkum et al., 1999). The
expectancy of the stimulus has an important role in inducing the N400 effect (Lau et
al., 2013) and it can be measured with, for example, cloze probability. The cloze
probability is obtained using a cloze test where a normative group of participants is,
for example, asked to fill in the missing last word of partial sentences with the word
that first comes to their mind. The amplitude of N400 component is strongly
correlated with the cloze probability of stimuli (Kutas and Hillyard, 1984). An
unexpected last word elicits a larger N400 component in high-cloze sentences than
in moderate-cloze sentences (Thornhill and Van Petten, 2012). In addition, the N400
component is smaller for unexpected synonyms of the most expected word than for
unrelated, unexpected words (Thornhill and Van Petten, 2012). In contrast, N400
effect has not been found in response to violations of general social norms which
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suggests that N400 does not reflect pure expectancy (Weimer et al., 2019). Also, the
N400 is not affected by the physical properties of a stimulus, such as the size of the
letters of a visual stimulus, or grammatical errors (Kutas and Hillyard, 1980, 1983).
In most N400 studies, the stimuli include expectancy-related, semantic, and
associative relations at the same time, which is the case also in natural language
(Cruse et al., 2014; Rabs et al., 2022).

The roles of automated and controlled processing in the formation of N400 have
been a matter of debate since 1980s. Masking and degradation studies have shown
that the N400 effect can be detected for word pairs or word lists in conditions
preventing the conscious perception (Coulson and Brang, 2010; Daltrozzo et al.,
2012a; Deacon et al., 2000; Kiefer, 2002), and N400 effect has also been detected if
the prime or target word has been presented during the attentional blink (Luck et al.,
1996; Rolke et al., 2001). However, N400 effect has not been detected in all masking
paradigms (Brown and Hagoort, 1993), masked effect has been smaller compared to
that elicited by non-masked stimuli in almost all studies (Coulson and Brang, 2010;
Daltrozzo et al., 2012a; Kiefer, 2002), and the attentional blink reduces the amplitude
of N400 (Rolke et al., 2001). Also, N400 effect can only be detected for masked
single words and not for masked or degraded sentence stimuli, which suggests that
the sentence-level processing giving rise to N400 is not automatic (Daltrozzo et al.,
2012a; Mongelli et al., 2019).

A task that requires responding increases the amplitude of N400 effect (Cruse et
al., 2014; Erlbeck et al., 2014), and N400 effect has been reported to disappear if the
task is to ignore the stimuli, which suggests the involvement of controlled processing
and the need for selective attention (Erlbeck et al., 2014). However, a distracting task
does not prevent N400 effect (Relander et al., 2009). In some studies, the spatial
attention has been a prerequisite for N400 both in visual and auditory modalities
(Bentin et al., 1995; McCarthy and Nobre, 1993) and the task-related top-down
control and time-related selective attention notably increase the N400 effect (Kiefer
and Brendel, 2006; Kiefer and Martens, 2010). In some studies, N400 effect has been
detected only when the task is semantic and not with a morphological task requiring
attention (Chwilla et al., 1995), but others have reported N400 effect elicited without
a semantic task (Ford et al., 1996; Hohlfeld et al., 2015; Holcomb, 1988; Kutas and
Hillyard, 1989; Relander et al., 2009). It has also been suggested that the processing
related to visual and auditory stimuli differs in terms of the required amount of
controlled processing (Anderson and Holcomb, 1995; Boudewyn et al., 2012;
Holcomb and Neville, 1990). The temporal unfolding and strong bottom-up attention
in the auditory modality may also affect the processing (Anderson and Holcomb,
1995; Boudewyn et al., 2012; Ford et al., 1996).

In the field of linguistics, there is a long history of polarization in describing
N400 in terms of lexical access (Deacon et al., 2000; Delogu et al., 2019; Lau et al.,
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2009) or semantic integration (Brown and Hagoort, 1993; Daltrozzo et al., 2012a;
Mongelli et al., 2019; van Berkum et al., 1999). In addition, there are multiple
theories and models regarding the functional basis of N400 component. N400 has
been suggested to reflect, for example, the retrieval from semantic memory
according to the retrieval-integration model (Brouwer et al., 2017), semantic
inhibition (Debruille, 2007), semantic binding (Federmeier and Laszlo, 2009),
implicit prediction error (Hodapp and Rabovsky, 2021; Rabovsky and McRae,
2014), probabilistic update of semantic representations (also known as sentence
gestalt model) (Hodapp and Rabovsky, 2021; Rabovsky et al., 2018), semantic
predictive coding (Bornkessel-Schlesewsky and Schlesewsky, 2019; Kuperberg et
al., 2020), or attentionally sensitized automatic semantic processing (Kiefer and
Martens, 2010). To summarize, N400 can be seen to reflect the difficulty of
activating the representation of a semantic stimulus. It seems plausible that N400
reflects both automatic and integrative processes (Nieuwland et al., 2020; Rabovsky
et al., 2018) or N400 reflects automatic processing but is strengthened by top-down
controlled processes (Kiefer and Martens, 2010).

Based on MEG, fMRI, scalp-level or intracranial EEG, and lesion studies, the
sources of N400 are located in the (left) temporal cortex, more precisely in the
superior and middle temporal gyri, superior temporal sulcus, and anterior medial
temporal lobe including, for example, amygdala and hippocampus (Elger et al.,
1997; Halgren et al., 2002; Kuperberg et al., 2003; Lau et al., 2008; McCarthy et al.,
1995; Rama et al., 2010; Van Petten and Luka, 2006). The activation spreads to the
frontotemporal cortex by the time that N400O reaches its peak amplitude (Halgren et
al., 2002). Also, the activation of the left inferior frontal gyrus has been detected in
most of the fMRI experiments (Lau et al., 2008; Van Petten and Luka, 2006; Zhu et
al.,2019). Although there is no clear consensus, this has been suggested to contribute
to both N400 and late positive (LP) component via the ease of retrieval, the following
of the task, or the integration with the knowledge of the world. The brain areas
responsible for N40O are the very same that are activated when integrating individual
words to sentences (Sokoliuk et al., 2021b). N400 may provide a more sensitive
method to study semantic processing than fMRI (Geukes et al., 2013).

Due to its flexible properties in terms of sensory modality, task, and the type of
stimuli, N400 has potential in brain computer interfaces (Dijkstra et al., 2019, 2020).
The N400 can be used to test general knowledge of the world (Hagoort et al., 2004)
or some field-specific content, like familiarity with a specific fictional universe
(Troyer and Kutas, 2020). However, the signal-to-noise ratio has been highlighted
as a limiting factor for the use of N400 (Dijkstra et al., 2020). Also, the N400 effect
cannot be detected in all healthy individuals (Cruse et al., 2014; Daltrozzo et al.,
2009; Hinterberger et al., 2005; Kotchoubey, 2005; Rohaut et al., 2015; Sculthorpe-
Petley et al., 2015), and the known test-retest probabilities within the same
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individuals are high but imperfect (Kiang et al., 2013; Besche-Richard et al., 2014;
Martin-Loeches et al., 2017). Although the N400 responses are elicited by natural,
continuous speech (Broderick et al., 2018; Holcomb and Neville, 1991), the size of
the effect can be maximized with careful experimental design. For example, the
amplitude of the N400 component decreases when the same stimulus is repeated
multiple times (Van Petten et al., 1991), which highlights the need for unique stimuli
if aiming at the largest possible N400 effect.

2.4.2 N400 in altered states of consciousness and in clinical
conditions

Studying the N400 ERP component in altered states of consciousness is of interest
since the preservation of semantic processing may suggest the presence of also other
kinds of information processing. Semantic processing has been suggested as a
necessary but insufficient condition for consciousness (Schoenle and Witzke, 2004).
Although the awareness of a stimulus might not be necessary for the elicitation of
N400, it is possible that N400 effect degrades along with the state of consciousness
and cannot be detected in unconscious individuals (Beukema et al., 2016).

In addition to the normal awake state, group-level N400 effect has been detected
in N2 and REM sleep for word pairs and sentences (Brualla et al., 1998; Daltrozzo
et al., 2012b; Ibafiez et al., 2006; Perrin et al., 2002). In one study, no EEG-based
N400 effect but a residual MEG-based mN400 effect was found for arithmetic
operations during combined N2 and REM sleep stages but the effect was not
statistically significant in either of the two sleep stages alone (Strauss and Dehaene,
2019). No study has combined N400 analysis with dream report results, and it is thus
unclear whether N400 can be detected in a state devoid of experiences. The reduced
alertness due to complete sleep deprivation decreases the amplitude of the N400
component for both congruent and incongruent stimuli (Lopez Zunini et al., 2014).
However, partial sleep deprivation does not affect the N400 (Tavakoli et al., 2015).

The only previous anesthetic-related study on N400 used intracranial EEG
measurements in the anterior medial temporal lobe (Grunwald et al., 1999). The
participants were in an alert and active state but exposed to ketamine for analgesia
before visual word lists were presented. The N400 component elicited by new words
diminished and the N400 repetition effect disappeared as a consequence of ketamine.

The N400 has been studied extensively among patients with disorders of
consciousness, with a special interest in finding information to support the
diagnostics or prognostic evaluation. In single-subject analyses, the detection rate of
N400 effect is associated with the severity of the disorder of consciousness. The
N400 effect has been detected in 0-32% of patients with UWS/VS diagnosis
(Beukema et al., 2016; Erlbeck et al., 2017; Kotchoubey, 2005; Kotchoubey et al.,
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2005; Rohaut et al., 2015; Schoenle and Witzke, 2004; Steppacher et al., 2013), in
0-44% of patients with MCS diagnosis (Beukema et al., 2016; Erlbeck et al., 2017;
Kotchoubey et al., 2005; Rohaut et al., 2015; Steppacher et al., 2013), and in 14—
73% of communicative patients with brain damage (Kotchoubey, 2005; Kotchoubey
et al., 2005; Schoenle and Witzke, 2004). In the same studies, the detection rate of
the N400 effect has been 42—88% among healthy participants (Beukema et al., 2016;
Kotchoubey, 2005; Rohaut et al., 2015). In addition, many studies have aimed at
developing N400-related single-subject paradigms for the subsequent use in
disorders of consciousness. In these studies, the prevalence of N400 effect has been
73-92% at the highest in healthy participants (Cruse et al., 2014; Mah and Connolly,
2018; Sculthorpe-Petley et al., 2015). The features that predict the absence of N400
effect among patients with disorders of consciousness include flat EEG or dominant
diffuse delta (1-2.5 Hz) activity, lack of preserved theta or slow alpha activity (49
Hz), hypoxia-related brain damage, and temporal lobe lesions (Kotchoubey, 2005;
Kotchoubey et al., 2005; Rama et al., 2010). The peak amplitude of the N400 elicited
by incongruent stimuli diminishes along with the increasing severity of the disorder
according to different coma scales (Balconi and Arangio, 2015) and some studies
have reported a delayed N400 peak latency for incongruent stimuli in disorders of
consciousness (Balconi et al., 2013; Balconi and Arangio, 2015).

Importantly, the presence of the N400 effect correlates with a positive prognosis
in disorders of consciousness, which suggests that it may reflect processes relevant
to consciousness (Rohaut et al., 2015; Steppacher et al., 2013). Among patients with
a diagnosis of UWS/VS or MCS, the presence of N400 has been found to predict
becoming communicative within a year of the measurement (sensitivity 50%,
specificity 90%, positive predictive value 67%, negative predictive value 83%)
(Rohaut et al., 2015). In a longer-term follow-up of 2 to 14 years, the UWS/VS
patients with a visually detected N400 effect became communicative with a 60%
sensitivity, 97% specificity, 86% positive predictive value, and 90% negative
predictive value (Steppacher et al., 2013). Among the MCS patients with N400, the
respective numbers for recovery were 40%, 100%, 100%, and 61% (Steppacher et
al., 2013). The P3a, P3b, MMN, and LP ERP components have also been linked to
the positive prognosis of the patients (Rohaut et al., 2015; Chennu and Bekinschtein,
2012) but N400 has also been detected in some patients without P3 (Kotchoubey et
al., 2005; Schoenle and Witzke, 2004). These results are in line with a recent study
that tracked covert speech perception based on EEG-level synchronization (inter-
trial phase coherence) among patients with disorders of consciousness and found that
taking the comprehension response into account improved the accuracy of prognosis
relative to only relying on clinical characteristics (Sokoliuk et al., 2021a). Steppacher
and co-workers (2013) proposed that the uncommunicative patients with preserved
N400 may specifically benefit from linguistic stimulation as a treatment. They
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suggested that if N400 effect can be detected, the awareness-related brain regions
are not deeply damaged, or they can recover.

Other clinical conditions where N400 has been suggested to have diagnostic
value include schizophrenia and other psychotic disorders. In these conditions, the
N400 component for incongruent words is diminished and the magnitude of the
N400 effect correlates positively with a favorable course of the disorder (Besche-
Richard et al., 2014; Jackson et al., 2014). A decreased N400 effect has been reported
in individuals with Alzheimer’s disease, which may be associated with deficits in
accessing semantic representations and in remembering the preceding context
(Revonsuo et al., 1998). However, the results vary depending on the phase of the
Alzheimer’s disease and the strength of the context of the stimuli (Duncan et al.,
2009). Also age, for example, may change the processing strategies of semantic
information (An et al., 2022; Broderick et al., 2021; Federmeier and Kutas, 2005).

2.5 Subjective reports

2.5.1 Subjective reports as a research method

Subjective reports are currently the only method to access more deeply the
experiences of another person, including the internally generated contents of
consciousness. Some theories of consciousness even define reportability as a
necessary requirement for a conscious experience (Baars, 2005; Dehaene and
Changeux, 2011). The nature of the acquired verbal reports depends on
introspection, memory, ability to communicate, motivation, and cooperativeness of
the participant but also on many aspects of the reporting environment, like questions
presented, modality of the report, and time relative to the period with experiences in
question. Therefore, when dream-related contents of consciousness are targeted,
actually dream recall-related phenomena are studied (Zhang and Wamsley, 2019),
and the same distortion holds true with the experiences from other unresponsive
states, like general anesthesia. After the report has been given, the analysis of the
report is affected by who analyzes it and what kind of tools are used for quantifying
the experiences. For example, the reports from natural sleep or mind-wandering are
generally more positive if rated by the experiencer than an external rater (Sikka et
al., 2014, 2021). To achieve a truthful picture of the experiences of another person,
they need to be interviewed and reports analyzed carefully from different angles with
a sufficient number of phenomenal categories in order to avoid missing the presence
of experiences, for example, because of asking only about one predicted type of
experiences like dreaming (Windt et al., 2016).
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252 Subjective reports in altered states of consciousness

The median recall rate of dream experiences is 45% from NREM sleep and 85%
from REM sleep (Nielsen, 2000). In general, dreams from NREM sleep are more
thought-like, conceptual, simpler, and less intense than the dreams in REM sleep
(Martin et al., 2020). However, both NREM and REM dream reports become longer
and include more bizarre content later during the night (Fosse et al., 2004; Stickgold
et al., 2001). Dreams reported after awakening from the early night NREM sleep are
typically brief and static unlike the late night NREM experiences that resemble
dreaming during REM sleep (Cicogna et al., 1998; Noreika et al., 2009). Dream
reports from natural sleep are affected by the environment where the report is given:
laboratory dreams differ from dreams collected at home (Sikka et al., 2018;
Waterman et al., 1993). When the dreams are studied in the sleep laboratory, the
incorporation of the laboratory into the dreams is common in all sleep stages (Picard-
Deland et al., 2021). In sleep studies, the incorporation of external signals, like verbal
stimuli or odors, has been reported to affect the overall valence of the dream content
(Hoelscher et al., 1981; Schredl et al., 2009). The lag between awakening and the
dream report should be as short as possible to diminish memory loss and
reconstruction bias (Aspy et al., 2015; Putois et al., 2020). In addition, the reporting
should not be too laborious to avoid the biased reporting of only the most salient
experiences due to the loss of motivation (Zadra and Robert, 2012).

The experiences reported after anesthetic-induced unresponsiveness and early-
night NREM sleep are comparable in terms of the content and report frequency (Valli
et al., submitted). The Brice questionnaire is a widely used test for accidental
awareness and other experiences during general anesthesia. The participant is asked
whether they can recall anything between the anesthetic induction and the emergence
and whether there were unpleasant experiences (Brice et al., 1970). In Brice’s
original study, casual questions on dreaming were presented immediately after
emergence from anesthesia, and a structured questionnaire was presented at 2448
hours and 7-8 days after the operation. A modified Brice questionnaire has been
reported to detect accidental awareness during general anesthesia more often than
unstructured post-operative discussion (Mashour et al., 2013). When accidental
awareness is measured based on spontaneous reports to healthcare professionals, the
incidence of awareness during anesthesia is much lower than based on Brice’s
questionnaire (Pandit et al., 2014b, 2014a; Walker et al., 2016). This highlights the
importance of postoperative interviews and direct questions about the experiences
occurring during anesthesia (Leslie, 2007). However, repeating the questions
multiple times or testing up to one month after the general anesthesia may lead to
false memories (Cook and Pandit, 2015). Yet, it is also possible that the
intraoperative awareness may be recalled only later after the operation and several
delayed interviews may be needed to reveal it (Cascella, 2020). There are many
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variations of Brice’s questionnaire and their effects on the results have not been
formally compared (Cook and Pandit, 2015).

In a surgical setting, the interviews are conditional on the medical status of the
patient, the duration and depth of the anesthesia, and the anesthetic drugs used. In
studies among surgical patients, the time between the emergence and the interview
vary considerably. When patients have been interviewed as soon as possible after
emergence from clinical general anesthesia, the incidence of dream experiences has
ranged 21-53% (Brandner et al., 1997; Chen et al., 2021; Errando et al., 2008; Kim
etal.,2011; Leslie et al., 2007, 2009; Yoshida et al., 2021). In contrast, the incidence
of dream experiences has been 3.2-4.2% in studies with the interview performed at
a later time during the day of operation (Leslie et al., 2005; Samuelsson et al., 2008a;
Xu et al., 2009). Since the anesthetic drugs have strong amnestic effects already at
sedative levels, it has been suggested that dreaming in the context of surgical general
anesthesia would only occur during the emergence period, just before arousal (Leslie
and Skrzypek, 2007; Leslie et al., 2009).

In a study with experimental anesthetic-induced unresponsiveness, the recall rate
of subjective experiences after emergence was 74% for dexmedetomidine, 37% for
propofol, 60% for sevoflurane, and 70% for xenon (Noreika et al., 2011). Another
experimental study using dexmedetomidine, propofol, sevoflurane, and S-ketamine
found that dreams were reported in 68%, 31%, 25%, and 44% of the successful
interviews immediately after one-hour sedation, respectively (Radek et al., 2021).
Memory incorporation of the study environment was present in 26%, 0%, 13%, and
11% of the interviews but immediate interviews did not reveal any cases of
awareness although most of the participants were responsive at some point during
the sedation (Radek et al., 2021). In another experimental study, 80% of the
participants receiving dexmedetomidine and 74% of the participants receiving
propofol reported experiences from the unresponsive period (Valli et al., submitted).
Interestingly, there was a substantial number of discrepancies between an immediate
question about dreaming and a full interview although the full interview was
performed only an average of 7.5 minutes after the immediate question (Valli et al.,
submitted). The incidence of dreaming under anesthesia may or may not be related
to insufficient dosing of the anesthetics (reviewed by Leslie and Skrzypek, 2007).
The results regarding the association of dreaming with anxiousness and satisfaction
with the anesthetic care are also inconsistent (Leslie et al., 2005; Cascella et al.,
2017). Dreaming under anesthesia has been correlated with frequent dreaming
during sleep at home (Leslie et al., 2009). One study has reported an increased rate
of intraoperative awareness among the patients with dreaming during anesthesia and
the topic needs further investigation (Samuelsson et al., 2008a).

The most typical experiences in spontaneous reports of intraoperative awareness
are auditory perception, sensation of paralysis and pain, and different feelings of
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anxiety (Ghoneim et al., 2009). The dreams reported after general anesthesia or
sedation are mainly pleasant, simple, and related to everyday events (Kim et al.,
2011; Leslie and Skrzypek, 2007). The dreams reported after deep propofol sedation
have been suggested to resemble the typical natural dream content of the same
persons (Cascella et al., 2017). However, the hospital environment or the operating
room may be part of the scenery of the dreams (Kim et al., 2011; Leslie et al., 2005).
In addition, the incorporation of the conversations or other events from the
anesthetized period into the dream content has been reported (Leslie and Skrzypek,
2007; Leslie et al., 2007) and visual suggestive stimulation just before anesthetic
induction may affect the postoperatively reported dream content (Gyulahazi et al.,
2016).

Some studies have suggested neural correlates of dreaming and remembering
dreams during natural sleep. For example, Siclari and co-workers (2017) found that
reports of dream experiences correlate with the suppressed low-frequency (1-4 Hz)
and increased high-frequency (20-50 Hz) EEG activity in the posterior cortical
regions including the medial and lateral occipital lobe, precuneus, and posterior
cingulate gyrus, that is, in the so called posterior hot zone. Interestingly, the
suppression of low EEG frequencies was also observed during sleep if the participant
gave a white report, that is, reported to have dreamed but did not remember the
contents of the dream, which suggests that the EEG activity of the posterior areas
does not solely reflect the ability to report dream contents. Instead, the ability to
report the contents of a dream was associated with increased high-frequency power
in the medial and lateral fronto-parietal areas compared with the white reports. The
thought-like content of dreams during REM sleep correlated with high-frequency
power in the frontal regions, and perceiving-like content correlated with posterior
high-frequency activity. However, the results of Siclari and colleagues (2017) could
not be replicated in another study using serial awakening paradigm and blinded EEG
analysis without source modelling (Wong et al., 2020) and their study has been
criticized for misconceptualization (neural correlates of dreaming vs. neural
correlates of dream reports) (Ruby, 2020). The association of EEG spindles and
NREM dreaming is unclear: dreaming has been associated both with decreased
power in the frequency band of 12—-15 Hz (Chellappa et al., 2011) and with more
frequent and accelerated spindles (Siclari et al., 2018). No difference in the
complexity of the EEG signal has been observed between dreaming and dreamless
sleep (Aamodt et al., 2021). However, during dreaming, the TMS-evoked EEG
activation resembles the respective activation in the awake state more than the
activation observed during dreamless sleep (Nieminen et al., 2016). High functional
connectivity within DMN shortly after awakening and the occurrence of P3a ERP
during sleep and wakefulness have been suggested as trait-like correlates of high
probability of dream recall (Eichenlaub et al., 2014; Vallat et al., 2020).
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The neural correlates of dreaming during anesthesia have been much less
studied. The association of dreaming with commercial indices of anesthesia depth is
unclear (Eer et al., 2009; Leslie et al., 2007, 2009; Matus et al., 2021; Noreika et al.,
2011; Samuelsson et al., 2008b). In one study, the dreamers showed decreased
spindle activity (~11 Hz) and increased gamma power (30 Hz) in EEG just before
emergence from propofol or desflurane anesthesia (Leslie et al., 2009). In a recent
study using serial awakening paradigm, occipital EEG delta power differed between
dreaming and unconscious state with dexmedetomidine but not with propofol or in
natural sleep (Casey et al., 2022). The disconnection of consciousness was observed
as broad spatial and spectral changes over the brain and unconsciousness was
associated with focal decreases in beta/delta activity in the anterior and posterior
cingulate cortices (Casey et al., 2022).
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3 The aims of the present thesis

The overall aim of this thesis was to find EEG-based correlates of anesthetic-induced
altered states of consciousness. The states of consciousness occurring during
deepening sedation were approximated using certain experimental states constituted
by the presence and amount of anesthetic drug, behavioral responsiveness, and the
order of phases of the experiment. The same experiment was studied from four
different angles that reflect different types of brain processing: interplay between
major brain areas, semantic processing, recognition memory, and subjective
experiences. The primary threshold state used in this study was the minimally
unresponsive state, termed loss of responsiveness, where the participant had received
an individually titrated drug dose that was just enough to induce unresponsiveness
to the behavioral task. In addition, also the sedative but responsive state and the state
measured during a higher drug dose (presumed to induce loss of consciousness) were
studied. In addition to the pre-anesthesia baseline and responsive sedation, an
important point of comparison for unresponsiveness was the recovery of
responsiveness measured during the same drug dose.

The study design aimed at differentiating responsiveness and the state of
consciousness from drug dose, which is a general problem in studies using anesthesia
to modify consciousness. The changes associated with unresponsiveness instead of
the anesthetic concentration itself can be assumed to be reversed by the recovery of
responsiveness during constant dosing. The brain correlates of responsiveness are
important because surgical anesthesia typically includes, in addition to the hypnotic
agent and analgesics, paralyzing or muscle relaxant drugs that interfere with the
behavioral responsiveness. The combination of EEG-based measures and subjective
reports of the contents of consciousness help to construct a multifaceted view of the
unresponsive states induced by two different anesthetic drugs, dexmedetomidine and
propofol. The two drugs differ in terms of their mechanisms of action,
pharmacokinetics, typical applications (surgical operations vs. sedation in intensive
care unit), physiological effects, and rousability. The use of dexmedetomidine and
propofol allows distinguishing the consciousness-related phenomena and agent-
specific phenomena.
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In addition to studying the correlates of anesthetic-induced altered states of
consciousness, the aim was to explore and compare different methods for the
analysis of complex cognitive event-related potentials at the single-subject level
using N400 as an example. The single-subject analyses are a prerequisite for any
clinical use of cognitive ERPs. The optimal method would be as sensitive as possible
and take into account the inter-individual differences between patients. Five different
analysis methods were compared: visual inspection of averaged ERPs, analysis of
variance of time-windowed amplitude averages, cluster-based nonparametric
testing, Bayesian regression analysis, and techniques based on continuous wavelet
transform. EEG measurements from the awake state were analyzed using several
different analysis methods to study the concordance of the different approaches.

In summary, the aim of the study was to find EEG-based correlates that would
differentiate behavioral states and increase understanding of brain functioning at
different behavioral endpoints of general anesthesia. Specifically, the main
objectives of the present thesis were to:

1. study whether the anterior-posterior and prefrontal-frontal functional and
directed connectivity are associated with unresponsiveness (Study I).

2. test whether semantic processing, measured using the N400 ERP
component, can be preserved during anesthetic-induced unresponsiveness,
and whether the processing is different during dexmedetomidine and
propofol sedation (Study II).

3. describe and quantify the subjective experiences occurring during
anesthetic-induced unresponsiveness (Study III).

4. explore how dexmedetomidine and propofol affect memory for the
semantic and emotional stimuli presented during anesthesia (Studies II
and III).

5. study the effect of the choice of offline analysis method on the detection
rate of event-related potential effects at the single-subject level with N400
as an example (Study IV).
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The Studies [-IV are based on two different experiments: the awake experiment
where 79 participants were tested in awake condition and the anesthesia experiment
where 47 of the participants of the awake experiment received either
dexmedetomidine (n=23) or propofol (n=24) (Table 1). Both experiments were
performed in the Intensive Care Unit of the Department of Perioperative Services,

Materials and methods

Intensive Care and Pain Medicine, Turku University Hospital, Turku, Finland.

Table 1. Summary of the data included in Studies I-IV.
STUDY | TOPIC PARTICIPANTS |EXPERIMENT |DATA
1 connectivity 47 (23 anesthesia Stimulus-free 2-min epochs
dexmedetomidine,
24 propofol)
Il N400 ERP 47 (23 awake and Sentence stimulus blocks from
dexmedetomidine, | anesthesia the anesthesia experiment
24 propofol)
Sentence stimulus blocks from
the awake experiment as a
baseline
Sentence recognition memory
testing from the awake and
anesthesia experiments
] subjective 47 (23 anesthesia Interviews
experiences dexmedetomidine,
24 propofol) Emotional sound recognition
memory testing
\" performance 79 awake Active and passive sentence
evaluation of stimulus blocks
N400 analysis
methods
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4.1 Ethical permissions

The study was approved by the Ethics Committee of the Hospital District of
Southwest Finland (24.6.2013) and the Finnish Medicines Agency Fimea
(14.6.2013). The study was preregistered in ClinicalTrials.gov (Identifier
NCTO01889004). Written informed consent was acquired from all participants
according to the Declaration of Helsinki.

4.2 Participants

A total of 79 healthy male participants were recruited to participate in the study. The
recruitment advertisements were sent to the student email lists of University of
Turku, Abo Akademi University and Turku University of Applied Sciences with a
short information sheet and contact details. All participants were interviewed before
enrollment in the study and laboratory tests including drug screening,
electrocardiogram (ECG), and a hearing test were performed. The participants were
20-30 years of age (median 23 years), healthy according to the criteria of the
American Society of Anesthesiologists (ASA 1), and right-handed by self-report. The
criteria for inclusion were fluent Finnish language and normal hearing as determined
with Entomed SA 50 screening audiometer (Entomed MedTech AB, Malmo,
Sweden). The exclusion criteria were smoking, substance abuse, susceptibility for
nausea, somatic illness, drug allergy, cardiac arrhythmia, and history of psychiatric
disorder. Ongoing medications were also considered as a reason for exclusion.

The awake and anesthesia experiments described in this thesis are the first two
experiments of a study series including a total of five experiments. Only men were
studied because the subsequent experiments included positron emission tomography
and subjected the participants to radiation exposure.

All the participants attended the awake experiment. The 47 participants with the
most prominent N400 effect based on visual inspection continued to the anesthesia
experiment. Five more participants were selected but declined to attend. The
selection was made to avoid anesthetizing participants without a detectable N400
effect in awake state. The sample size was based on the experience from previous
studies with a similar design (Kaskinoro et al., 2011; Langsjo et al., 2012).

The mean age of the participants who attended the anesthesia experiment was
23.7 years (range 20 to 30 years); their mean height was 180 cm (range 165 to 198
cm) and weight 79.5 kg (range 53 to 122 kg). For the anesthesia experiment, the
participants were randomized to receive either dexmedetomidine (n=23) or propofol
(n=24) using the permuted blocks technique.

Handedness for responses was balanced across participants so that 41
participants in the awake experiment and 24 participants in the following anesthesia
experiment responded to the congruent and familiar sentences with the right hand

63



Roosa Kallionpaa

and to the incongruent and novel sentences with the left hand. The other 38
participants in the awake experiment and the 23 participants in the anesthesia
experiment used the opposite hands for responding. The handedness assigned to a
participant was maintained across the experiments and balanced across the two
treatment groups.

4.3 N400 stimuli

The N400 stimuli were 680 Finnish auditory high-cloze probability sentences: 10 for
practicing, 300 to be used in the awake experiment, 310 to be used in the anesthesia
experiment, 30 for the memory test in the awake experiment, and 30 for the memory
test in the anesthesia experiment.

Twenty psychology students were asked to fill in the missing last word of a set
of sentence bodies with a word that first comes to mind and fits the context. Different
inflections and clear synonyms were combined under the most common form. The
sentences that had a cloze probability equal to or higher than 50% were included in
the study.

Out of the 680 sentences, 370 were randomly assigned to be transformed to
semantically incongruent sentences by changing the last word of each sentence.
The remaining 310 sentences were kept unchanged and constituted the set of
congruent sentences. The sentence bodies of the incongruent sentences were
combined with context-incompatible last words whose number of syllables, word
class, inflection, and lemma frequency (Laine and Virtanen, 1999) were as similar
to the original congruent last word as possible. The semantically incongruent last
word preferably also had a different first phoneme than the semantically congruous
high-cloze word. For example, “This soup needs a bit more salt” was changed to
“This soup needs a bit more garbage”. The resulting incongruent sentences did not
differ from their original counterparts with respect to the lemma frequency and the
length of the last word (Wilcoxon Signed Rank test; P>0.05). In addition, the
congruent and incongruent sentences did not differ in terms of the word count or
the lemma frequency and the length of the last word (Mann-Whitney U; P>0.05
for all).

The stimuli were recorded by a female native Finnish speaker. A 1 s silent pause
was recorded before the last word of the sentence to avoid mixing of the phonetic
cues of the last word with the second to last word. The amplitude of the sentences
was normalized and the pause before the last word was adjusted to 1000 ms (Ford et
al., 1996).

Each sentence was followed by a 1000 ms pause and a response cue that was a
100 ms sine sound (frequency 554 Hz, rise and fall time 5 ms). The delayed
responding was employed to avoid the contamination of the N400 component
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occurring after the last word with the response-related activity (van Vliet et al.,
2014). The inter-stimulus interval was 2.3 s.

The sentences were assigned into blocks that did not differ from each other
based on the lemma frequency of the last word, the length of the last word, or the
sentence word count (Kruskal-Wallis H, P>0.05). Congruent and incongruent
sentences were randomly ordered, and their presentation order was the same for all
participants. Two blocks of 150 sentences (half congruent, half incongruent) were
allocated for the awake experiment (B1 and B2) and three blocks of 100 sentences
(half congruent, half incongruent) were prepared for the anesthesia experiment
(B3, B4, and BY).

Ten sentences (5 congruent, 5 incongruent) constituted the responsiveness test
for the anesthesia experiment. The responsiveness test was used to guide the stepwise
anesthetic dose increments and to control the responsiveness of the participants
during the relatively long states with pseudo-steady state drug concentration.

Sixty incongruent sentences served as novel sentences in the recognition
memory test. The memory test consisted of 20% of the incongruent sentences that
had been presented previously during the experiment and the same number of
novel incongruent sentences. The five incongruent sentences of the
responsiveness test were also included in the recognition test of the anesthesia
experiment. In the recognition test, the participants were asked to indicate with
the response handles whether the sentence felt familiar or not within the 2.3
seconds after the response cue. The use of the response cue allowed the
measurement of reaction times.

4.4 Emotional stimuli

Three emotionally unpleasant stimuli of 6 seconds were selected from the
International Affective Digitized Sound Library (Bradley and Lang, 2007). The test
stimuli were a puppy in distress, a baby crying, and car horns in a traffic jam. The
test stimuli were as similar as possible in terms of their pleasantness, arousal and
dominance scores. For each test sound, four other sounds were selected as control
stimuli for the memory test: four animal-originated stimuli for the puppy sound, four
human-originated stimuli for the baby sound, and four sounds of human artifacts for
the traffic sound. The control stimuli were matched with the three test stimuli based
on their pleasantness, arousal and dominance scores. In the recognition test, the
participants were asked to indicate with the response handles whether the sound felt
familiar or not within the 2.3 seconds after the response cue. The use of the response
cue allowed the measurement of reaction times.
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4.5 Interview questions

The interview questions for the anesthesia experiment were prepared based on the
Brice questionnaire and a previous study (Brice et al., 1970; Noreika et al., 2011).
The interview questions presented after each recovery of responsiveness were:

1. Did you dream during unresponsiveness? (Orig. N&itkd unta nukutuksen
aikana?)

¢ Yes:

a) Describe your dream with as many details as possible. (Orig.
Kuvaile untasi niin tarkkaan kuin pystyt.)

b) Open questions based on the response of the participant, e.g. “Do
you remember any more details? How was the environment? Do you
remember anything else?”

* No: Are you sure that you did not dream during unresponsiveness? (Orig.
Oletko varma, ettet ndhnyt unta nukutuksen aikana?)

2. Do you feel that you dreamed during unresponsiveness but you have already
forgotten the dream? (Orig. Tuntuuko sinusta siltd, ettd néit unta nukutuksen
aikana, mutta olet jo unohtanut sen?)

3. Did you experience anything related to the research environment during
unresponsiveness? (Orig. Koitko mitdén tédhédn huoneeseen liittyvéd
nukutuksen aikana?)

¢ Yes:

a) Describe your experiences with as many details as possible. (Orig.
Kuvaile kokemuksesi niin tarkasti kuin muistat.)

b) Open questions based on the response of the participant, e.g. “Do
you remember any more details? How did it look/sound/feel like?
Do you remember anything else?”

4. Did you hear anything (else) during unresponsiveness? (Orig. Kuulitko
minkddnlaisia (muita) d4nid nukutuksen aikana?)

¢ Yes:

a) Describe the voices/sounds with as many details as possible. (Orig.
Kuvaile 44nié niin tarkasti kuin muistat.)

b) Open questions based on the response of the participant, e.g. “How
were the sounds like? Can you describe the voice or tone of the
person that talked? What was the talk about?”
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5. Did you sense anything else during unresponsiveness? (Orig. Aistitko mitddn
muuta nukutuksen aikana?)

e Yes:

a) Describe your sensation with as many details as possible. (Orig.
Kuvaile aistimuksesi niin tarkasti kuin muistat.)

b) Open questions based on the response of the participant, e.g. “How
was the pain and where was it?

6. Do you remember anything else that you have not already mentioned (Orig.
Muistatko nukutuksen ajalta jotakin muuta, josta et ole vield kertonut?)

Additional questions only presented after ceasing the infusion (state ROR3) were:

7. What is the last thing you remember before falling asleep for the first time?
(Orig. Mikd on viimeinen asia, jonka muistat ajalta ennen kuin nukahdit
ensimmadisen kerran?)

8. What is the first thing that you remember after awakening? (Orig. Miki on
ensimmadinen asia, jonka muistat herddmisen jélkeen?)

Participants were informed about the interview questions before the experiment. The
interviews were recorded and transcribed for content analysis.

4.6 EEG recording and equipment

Throughout the experiments, EEG was recorded at 64 channels according to the 10-
10 electrode system. An active electrode cap (EasyCap GmbH, Herrsching,
Germany), NeurOne 1.3.1.26 software (Mega Electronics Ltd., Kuopio, Finland),
and Tesla #MRI 2013011 and #MRI 2013012 amplifiers (Mega Electronics Ltd.)
were used. Four additional electrodes were used for the measurement of horizontal
and vertical eye movements with bipolar montage (EOG). The EEG was referenced
online to FCz and the ground electrode was AFz. The sampling rate was 1000 Hz
with a low-pass filter having a half-amplitude threshold of 360 Hz (transition band:
250498 Hz) and a high-pass filter of 0.16 Hz (6 dB/octave).

The stimuli and instructions were presented via headphones using the
Presentation 17.0 stimulus delivery and experimental control software system
(Neurobehavioral Systems Inc, Berkeley, CA, USA).

In the anesthesia experiment, a Harvard 22 syringe pump (Harvard Apparatus,
Holliston, MA, USA) connected to the Stanpump software (by Steven L. Schafer,
M.D., http://www.opentci.org/code/stanpump) was used for drug administration.
Dexmedetomidine (Dexdor 100 pg/ml, Orion Pharma, Finland) was administered
using the pharmacokinetic parameters reported by Talke and co-workers (Talke et
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al., 2003). Propofol (Propofol Lipuro 10 mg/ml, B. Braun, Germany) was
administered using the pharmacokinetic parameters published by Marsh and
colleagues (Marsh et al., 1991).

A Datex-Ohmeda S/5 anesthesia monitor (Datex-Ohmeda Division,
Instrumentarium Corp., General Electric Co., Helsinki, Finland) and a portable
computer running the S5 Collect software (Collect version 4.0, GE Healthcare,
Finland) were used to record and restore the vital parameters in the anesthesia
experiment. The pulse oximetry plethysmograms and ECG were monitored
throughout the study. Blood pressure was measured in the beginning and at the end
of the anesthesia experiment to avoid possible cuff pain and related rousing effects
during the experiment. End-tidal carbon dioxide was registered with a dual-operating
nasal cannula also used for oxygenation.

4.7 Experiments
4.71 Awake experiment

At the beginning of the experiment, the phases of the experiment were described to
the participant in writing and also orally while attaching the electrodes. The
participant was also told that his memory for the stimuli will be tested in the end of
the experiment. Pre-recorded instructions were presented via headphones every time
when the task of the participant changed during the experiment.

Active Passive

baseline baseline
] ]

[ | [
Recognition

1
0 0 task
B1 B2

L | | | | | | |
0 20

v

Time (min)
<> 2-min-long EEG epoch Stimulus block

Figure 3. The awake experiment. Two blocks of sentence stimuli (B1 and B2) were presented and
followed by a recognition memory task. Two stimulus-free 2-min-long epochs were
recorded before and after the sentence blocks.
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The outline of the experiment is depicted in Figure 3. The participant rested eyes
closed on a bed with response handles in his hands. First, a stimulus-free baseline
was recorded for 4 minutes (2 minutes eyes open and 2 minutes eyes closed). The
N400 experiment started with 10 sentences that allowed the participant to practice
responding to the sentences, followed by 150 sentences (stimulus block B1). The
task was to indicate with the response handles whether the sentence was congruent
or incongruent (active paradigm). After a small break, another set of 150 sentences
(stimulus block B2) was presented and the participant was instructed to carefully
listen to the sentences without responding (passive paradigm). After the sentence
blocks, another stimulus-free baseline of 2 minutes was measured with eyes closed.
Finally, the yes/no recognition task was performed to test the memory of the
participant for the recognition of the sentences. The participants were instructed to
indicate with the response handles whether each sentence felt familiar or new after
the response cue.

4.7.2 Anesthesia experiment

Forty-seven participants from the awake experiment attended the anesthesia
experiment a median of 26 days (range 6 to 109 days) after their awake experiment.
The participants fasted overnight before the experiment. They were not allowed to
use alcohol or any drugs during the 48 hours preceding the experiment.

In the beginning of the experiment, the participant was given thorough
instructions about the phases of the study and his tasks. The main task of the
participant was to respond to the sentence stimuli similarly as in the awake
experiment and to answer the interview questions. The participant was also told that
his memory for the stimuli will be tested in the end of the experiment. He was
advised to lie eyes closed. The participants were not informed about the emotional
sound stimuli presented during the experiment. Blood sample was drawn at the end
of each target concentration step.

Both forearms of the participants were cannulated. After attaching the ECG,
EEG, and EOG electrodes, the experiment started with a 4-minute-long baseline
recording with 2 minutes eyes open and 2 minutes eyes closed (Figure 4). The
instructions to respond to the sentence stimuli were given and ten sentences were
presented for practicing. After that, the same 150 sentence stimuli that were
presented in the active paradigm of the awake experiment were played. After the
baseline block, the participant was informed about the beginning of the
administration of the anesthetic. He was also told that sentence stimuli will be
presented, and he will be asked to respond to the stimuli and to open the eyes at some
point. Pre-recorded instructions were presented via headphones every time when the
task of the participant changed during the experiment.
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Figure 4. The anesthesia experiment. Sentence stimuli were presented in four blocks (B1, B3, B4
and B5). The average measured drug plasma concentrations in states LOR1, LOR2,
and LOC are depicted in the figure. Abbreviations: Cl, confidence interval; LOC,
presumed loss of consciousness; LOR, the epoch in the beginning of LOR1 state; LOR1,
the first loss of responsiveness; LOR2, the second loss of responsiveness; LOR, the
epoch at the end of LOR1 state; ROR, the epoch from the ROR1 state; ROR1, the first
recovery of responsiveness; ROR2, the second recovery of responsiveness; ROR3, the
third recovery of responsiveness; SED, epoch from the last responsive sedation.

The anesthetic infusion was started with a target plasma concentration of 1.0
ng/ml with dexmedetomidine and 1.0 pg/ml with propofol. Five minutes after
starting the infusion, the responsiveness test was presented. If the participant
responded to at least one sentence, the pseudo-steady-state concentration of the
anesthetic was increased. The stepwise increments with responsiveness test five
minutes after each increment were continued as long as the participant responded to
the stimuli. The first increase was 0.5 ng/ml in the dexmedetomidine group, and the
following steps were 0.25 ng/ml. In the propofol group, the first increase was 0.5
ug/ml and the next steps were 0.25 pg/ml.

When the participant responded to none of the sentences in the responsiveness
test, he was defined to be in the first state of loss of responsiveness (LOR1). Then,
100 sentence stimuli (stimulus block B3) and one emotional stimulus were presented
during the pseudo-steady-state infusion. There was a 2-min break between different
types of stimulation. The participant was attempted to be roused during the constant
anesthetic infusion by calling him twice by name and mildly shaking his shoulder.
If the participant woke up, he was defined to have reached the first return of
responsiveness (ROR1). The participant was interviewed while maintaining the
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constant infusion. After the interview, he was left unstimulated for five minutes and
the second LOR-ROR cycle of a responsiveness test, 100 new sentence stimuli
(stimulus block B4), an emotional sound, an attempt to rouse, and an interview was
performed to achieve LOR2 and ROR2. If the participant did not wake up after
LORI1 or LOR2, the subject was considered non-rousable and the experiment
continued to the next phase.

Finally, the plasma target concentration was increased to 1.5-fold to achieve the
state of presumed loss of consciousness (LOC) and, 5 minutes after the dose increase,
the responsiveness test, 100 new sentence stimuli (stimulus block BS5), and an
emotional sound were presented. The drug infusion was ceased, and the
responsiveness test was played repeatedly until the participant started to respond. If
the participant did not regain responsiveness within 30 minutes after ceasing the
anesthetic infusion, he was roused. After the return of responsiveness (ROR3), the
participant was interviewed, and the recognition of the sentences and the emotional
sounds was tested. After the termination of the experiment, the participant stayed
under the surveillance of the anesthetic personnel until he could be discharged.

4.8 Analyses

4.8.1 Preprocessing of EEG

The electroencephalogram signal was preprocessed using the MATLAB R2013b
(Mathworks Inc, Natick, MA, USA) and the EEGLAB 13 4 4b toolbox. The EEG
was initially resampled to 250 Hz. After that, the preprocessing of EEG was
performed as described in Table 2.
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4.8.2 Analyses of connectivity (Study )

For the connectivity analysis, six stimulus-free 2-min epochs of EEG were
segmented from the different phases of the anesthesia experiment: baseline (eyes
closed), SED (from the last responsive sedation), LOR (from the beginning of LOR1
state, after responsiveness test), LORa (from the end of LORI1 state just before the
rousal attempt), ROR (from RORI state, after the interview), and LOC (from the
beginning of LOC state) (Figure 4). The LOR and LOR. epochs were both included
to control the stability of the relatively long state of loss of responsiveness. The
epochs were preprocessed as described in the Table 2. Since the coherence analysis
is sensitive to the volume conduction effect, surface Laplacian transform was applied
to the EEG signal before the computation of coherence (Perrin et al., 1989).

Functional connectivity was estimated using magnitude squared coherence and
weighted phase lag index (WPLI) (Vinck et al., 2011). Directed connectivity was
assessed with directed phase lag index (dPLI) (Stam and van Straaten, 2012).

Spectral coherence is the most traditional measure for quantifying phase-
synchrony of EEG and can be seen as a linear (squared) correlation coefficient
between two signals in the frequency domain: its maximum value 1 indicates
complete correlation between signals and its minimum value 0 means that the signals
are not correlated (Nunez and Srinivasan, 2006). The coherence is highly affected
by volume conduction effects but the volume conduction can be mitigated using the
surface Laplacian transform (Bastos and Schoffelen, 2015; Srinivasan et al., 2007).
In practice, EEG coherence mostly depends on the consistency of phase differences
between electrodes (Srinivasan et al., 2007).

The phase lag index (PLI) is a measure of phase synchronization with a nonzero
phase lag (Stam et al., 2007). The wPLI is a refined version of PLI. In contrast to
PLI, the phase-locking values of wPLI are weighted by the magnitude of imaginary
component of the cross spectrum (Vinck et al., 2011). The wPLI measures the
instantaneous phase-locking of two EEG signals by accounting for only nonzero
phase lead/lag relationships. If the phase of one signal consistently leads or lags the
phase of another signal, wPLI reaches its maximal value of 1. If the phase lead/lag
relationship is random and there is no phase locking, wPLI gets the value 0.

The dPLI is a measure of directed connectivity and it describes the asymmetry
of lead/lag relationship of the phases of two signals (Stam and van Straaten, 2012).
The absolute value of dPLI equals PLI. In this study, the modified version of dPLI
is used with a scale between —1 and 1: if one signal consistently leads the phase of
another signal, dPLI is 1, and in the inverse case, dPLI is —1. If neither of the two
signals is leading on average, dPLI is 0. Both wPLI and dPLI are robust with respect
to volume conduction and reference montages (Stam and van Straaten, 2012; Vinck
etal., 2011).
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For the calculation of the connectivity measures, the EEG epochs were divided
into 2-s nonoverlapping windows and the cross-spectral density was estimated using
the multitaper method from each window with a time-bandwidth product of 2 and
the number of tapers of 3 (Bokil et al., 2010). The averaged coherence, wPLI, and
dPLI values were estimated as a function of frequency based on these repetitions
using a custom-written function adapted from the Fieldtrip toolbox (Oostenveld et
al., 2011). The shuffled-data method was used to control for spurious conclusions
about the existence and the direction of coupling (Papana et al., 2011). A series
(N=20) of shuffled signal pairs were generated and used to calculate the coherence,
wPLI, and dPLI measures. The means of the resulting shuffled values were
subtracted from the raw values to obtain the final estimates of functional and directed
connectivity.

The analysis was focused on the anterior and posterior areas (Figure 5 A), where
anesthetic-induced changes have previously been reported (Jordan et al., 2013; Ku
et al., 2011; Lee et al., 2009, 2013a; Ranft et al., 2016; Untergehrer et al., 2014;
Vlisides et al., 2017). The anterior areca was a region of special interest (Lee et al.,
2009, 2017a; Li et al., 2019; Vlisides et al., 2017, 2019), and it was further sub-
divided into prefrontal and frontal areas (Figure 5 A). The coherence, wPLI, and
dPLI values were calculated for each pair of channels between the regions of interest
— between the anterior and posterior regions, and between the prefrontal and frontal
regions — and then averaged. The positive values of dPLI indicated a dominant
phase-lead relationship from-front-to-back (anterior-to-posterior or prefrontal-to-
frontal) and the negative values of dPLI reflected the dominant direction of
connectivity from-back-to-front (posterior-to-anterior or frontal-to-prefrontal). For
statistical comparisons, the coherence, wPLI, and dPLI were calculated for each
epoch of interest in the alpha frequency band (8—14 Hz) that has previously shown
prominent changes related to anesthetic-induced unresponsiveness (Blain-Moraes et
al., 2014; Chennu et al., 2016; Kim et al., 2016; Lee et al., 2013a; Supp et al., 2011;
Vlisides et al., 2017).

To compare the predictive capacity of connectivity measures with spectral
power, the absolute spectral power of the alpha band was analyzed in the frequency
range of 8—14 Hz. Surface Laplacian transform (spherical spline interpolation) was
applied to the signals (Perrin et al., 1989), and a spectrogram was calculated with the
multitaper method using the Chronux toolbox (http://chronux.org/) with a window
length of 4 s and 2 s overlap, time-bandwidth product of 2, the number of tapers of
3, and the spectral resolution of 1 Hz (Bokil et al., 2010). All the windows were
averaged to compute the segment-wise alpha power for each participant. Finally,
averaging was done over all the anterior channels (Figure 5 A).
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A. Connectivity (Study I) B. N400 (Study II)

Anterior
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Figure 5. The channel sets of interest in Studies | (A.) and Il (B.). A. The channels of interest in
the connectivity study were the anterior area (electrodes Fp1, Fpz, Fp2, AF7, AF3, AF4,
AF8, F5, F3, F1, Fz, F2, F4, F6, FC5, FC3, FC1, FC2, FC4, FCB6), prefrontal (Fp1, Fpz,
Fp2, AF7, AF3, AF4, AF8), frontal (F5, F3, F1, Fz, F2, F4, F6, FC5, FC3, FC1, FC2,
FC4, FC6), and posterior area (P5, P3, P1, Pz, P2, P4, P6, PO3, POz, PO4). B. The
N400 ERP was calculated in the centroparietal channels Cz, C1, C2, C3, C4, Pz, P1,
P2, P3, P4, CPz, CP1, and CP2.

Two-way repeated-measures analysis of variance implemented in the
SAS/STAT, PROC MIXED (version 9.4, SAS Institute Inc., Cary, NC, USA) was
used to compare the epochs from different states and the two-tailed P values <0.05
were considered statistically significant. State was defined as a within-factor and
treatment (dexmedetomidine or propofol) as a between-factor. Since the ROR1 state
was not achieved in all of the participants, two separate analyses were performed.
First, the epochs with increasing anesthetic concentration (BL, SED, LOR, and LOC)
were compared and all participants were included. Second, the epochs measured
during the constant dosing (LOR, LORj4., and ROR) were compared and only the
participants with data from ROR1 were included. The significance of the state-by-
treatment interaction was used to guide the post-hoc analyses. If the P value of the
interaction was <0.05, the dexmedetomidine and propofol groups were analyzed
separately in the pairwise comparisons between the states. If the interaction was not
statistically significant, the dexmedetomidine and propofol groups were combined
and the pairwise comparisons between the states were adjusted for the treatment. The
post-hoc tests were corrected using the Bonferroni method.

Prediction probability (Px) was used to measure the capability of the connectivity
measures (coherence, wPLI, dPLI) and the anterior alpha power to differentiate the
unresponsive and responsive states (LOR, LORyae, and ROR epochs) and the four
states with increasing drug concentration (baseline, SED, LOR, and LOC epochs)
(Smith et al., 1996a, 1996b). Prediction probability is the multi-class version of AUC
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(area under the receiver operator characteristics (ROC) curve) and it has been
originally designed to test the performance of different indicators of the depth of
anesthesia. If Px is 1.0, the measure predicts the observed state correctly, and if Px
is 0.5, the prediction power of the measure is at the chance level. The Pk and its
standard error (SE) were estimated using the jack-knife method with the PKMACRO
algorithm implemented in Microsoft Excel (Smith et al., 1996a). The Pk values were
compared with the random level of 0.5 and between the different measures using
Bonferroni-corrected paired t-tests with PKDMACRO algorithm (Smith et al.,
1996a).

4.8.3 Analyses of N40O ERP in different awake and
anesthetized states (Study II)

After the preprocessing steps (Table 2), the N400 component and N400 effect were
calculated for the congruent and incongruent last words and the first words of the
sentence stimuli. The last words of the sentences were designed to induce the N400
effect between congruent and incongruent conditions whereas the first words of the
sentences only induce the N400 component. Amplitude averages were calculated in
the presumed N400 time window 300 to 600 ms after stimulus (Kutas and Hillyard,
1980) and in the prestimulus control time window from —600 to —300 ms. The control
time window was used to take into account the baseline variation occurring within
300 ms. The amplitude averages were computed separately for each stimulus block
of each participant, and for congruent, incongruent, and first word conditions in each
of the electrodes in the centroparietal region (Cz, C1, C2, C3, C4, Pz, P1, P2, P3, P4,
CPz, CP1, and CP2) (Figure 5 B). If less than 20 stimuli per condition remained after
preprocessing, the case was excluded from the analysis. Linear mixed-effects
regression analysis with random slopes for subject and channel was used for the
statistical analysis. If the model did not converge, the random slope for channel was
reduced to random intercept.

N400 component was computed by comparing the N400 time window with the
control time window. N400 effect was calculated by comparing the N400 time
window after congruent and incongruent last words. Unresponsive states were
compared with the active baseline from the awake experiment (block B1) and the
results were Bonferroni corrected. The latency of N400 component was defined as
the most negative value 200 ms to 800 ms post-stimulus in the signal averaged over
the 13 centroparietal channels using the jack-knife method (Miller et al., 1998). A
statistically significant N400 effect or component was defined by P<0.05. The
statistical analyses were performed with the R 3.3.2 software and ImerTest 2.0-33-
package (Kuznetsova et al., 2017).
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484 Systematic content analysis of interviews on
subjective experiences under exposure to anesthetics
(Study III)

The transcribed interview reports were coded to different categories based on their
content by two independent raters. The raters performed the coding independently
according to a coding manual. If the two raters disagreed, they discussed until
agreement was achieved, or a third judge decided which one of the suggested
categories should be selected. The reports were coded in three different stages
(Figure 6): the relation of the report to the unresponsiveness period, the overall type
of the experiences in the unresponsiveness report, and further qualities of the
experiences (modality and complexity). The modified Subjective Experiences
During Anesthesia (SEDA) microlevel scale was used for the modality analysis and
simplified Orlinsky scale for the complexity analysis (Noreika et al., 2011; Orlinsky,
1962). The psychometric properties, such as validity and reliability, of the simplified
Orlinsky and the modified SEDA scales have not been formally evaluated (Cook and
Beckman, 2006). However, the reliability of the scales, measured as inter-rater
agreement, has been high in previous studies (Noreika et al., 2009, 2011; Radek et
al., 2021; Valli et al., submitted).

ROR1 / ROR2 / ROR3 report

e

Stage 1. . . Unresponsiveness
Exclusive No recall Responsiveness report White report report
categories

Stage 2.

Inclusive Dreaming Memory incorporation Awareness of environment
categories

N

Modalities of experience
(SEDA microlevel
dreaming)

13 inclusive categories

Complexity of experience
(Orlinsky) Stage 3.b

3 exclusive categories

Stage 3.a

Figure 6. The schema of coding of the experience reports. The reports were coded in three
stages: 1. availability and overall content of the report, 2. content related to the
connectedness of the experiences (type of experiences in the unresponsiveness report),
and 3. further qualities of the experiences (modality and complexity).
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In the first stage, the aim was to categorize the reports into those with and without
unresponsiveness-related experiences. Unresponsiveness reports refer to the reports
with experiences that have most probably occurred during the unresponsive period.
Responsiveness reports refer to the reports with only experiences that have taken
place before the unresponsive period or after recovery, or to the reports without any
experiences related to the anesthesia experiment, such as descriptions of experiences
from past surgeries. White reports refer to the occasions where the participant
reported having had experiences during unresponsiveness but could not recall any
content. If the participant was interviewed but could not recall any experiences, the
interview was classified as a no recall report.

In the second stage, the unresponsiveness reports were further classified based
on the overall content type of the experiences. The dreaming category was selected
for purely hallucinatory content, defined as internally generated experiences that
were not related to the research environment or the experiment. Memory
incorporation category was selected for the content that reflected memory
incorporation of the research environment, such as realistic experiences related to
objects or persons that have been present or events that have occurred during the
anesthesia session. However, the timing of the experiences could not be specified to
unresponsiveness periods, but the experiences might have reflected memory
incorporation from the time before the start of the experiment or from the responsive
periods of the experiment. The awareness category was selected if the participant
reported experiences related to events that only occurred during the unresponsive
period, such as stimuli that were presented only during unresponsiveness, and of
which that participant had no prior knowledge. One report could include content of
all the three categories.

The stage 3a was designed to categorize the complexity of the experiences based
on the modalities present in the reports using SEDA microlevel scale (Noreika et al.,
2011). The scale consists of categories for basic subjective sensory percepts,
affective states, and cognition. A single report may include a large number of
separate micro-level experiences from different modalities, and each experience was
classified only under one SEDA class. If the report contained experiences from
multiple stage 2 categories, the classification was separately performed for each
category. The 13 different modalities were visual, auditory, gustatory, olfactory,
interoception (hunger, thirst), kinesthesia (balance and movement), touch, pain or
temperature, positive moods or emotions, negative moods or emotions, cognition
(thoughts, memories, reflection), out-of-body experiences, and sense of presence.

In the stage 3b, the perceptual complexity was evaluated using a simplified
version of the Orlinsky scale (Orlinsky, 1962). In the Orlinsky scaling, the scene is
defined as one percept encompassing another. The reports were categorized into
three classes based on the most complex experience within each of the stage 2
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categories with experiences. The static category (combining the original Orlinsky
categories 1-3) was chosen for isolated, fragmentary percepts or for several percepts
that do not contain perceptual information about a more general scene of the
experience. The scenery category (the original Orlinsky category 4) was selected for
the reports where one perceptual experience encompasses another, but there is no
change within a single scene. The dynamic category (combining the original
Orlinsky categories 5-7) was selected for complex percepts where a temporal
progression occurs between several interconnected experiences within a scene or
between scenes.

The inter-rater agreement of the coding was evaluated with Cohen’s k. The
distributions of the data were mostly skewed, and nonparametric tests were used.
The differences in the number and content of experience reports were tested with
Mann-Whitney U, Fisher’s Exact test, Chi Squared test, and Kruskal-Wallis test.
SPSS 24.0 (IBM, Armonk, NY, USA) and SAS System 9.4 were used for the
analysis.

4.8.5 Analyses of recognition tests (Studies Il and IlI)

Sentence recognition was measured using the discriminability measure d’ and
response bias criterion ¢ based on signal detection theory (Wickens, 2002; Hautus,
1995). The discriminability measure d’ is the distance between the means of the
target and distractor distribution. Values greater than 1.0 indicate good recognition
performance. The response bias criterion ¢ reflects the internal criterion of
judgement when the participant is not sure about the correct answer. If the participant
requires high degree of familiarity to indicate the stimulus as ‘familiar’, there is a
conservative response bias (¢>0), and if a low degree of familiarity is needed for the
response ‘familiar’, there is a liberal response bias (¢<0).

The d’ was calculated with the log-linear correction for extreme proportions
(Hautus, 1995). A participant was excluded from the analysis of a particular state if
more than 50% of the responses corresponding a specific experimental state were
missing. Two-tailed t-test was used to test whether d’ and ¢ differed from O, i.e.,
whether the sentence was recognized and whether there was a response bias. The
reaction time for responses was measured from the response cue to the response and
responses faster than 100 ms were ignored. The natural logarithm of reaction time
was analyzed with linear mixed-effects regression with a random intercept for
participant. The analysis was performed with R 3.3.2 software and ImerTest 2.0-33-
package (Kuznetsova et al., 2017).

To study the recognition of emotional sounds, logistic regression analysis with
generalized estimating equations method (GEE-estimation, dependent observations)
was used to analyze the effects of stimulus type (familiar/new), state, and drug on
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the reported recognition of the stimulus. In another model, the correctness of the
response was studied with state and drug as explanatory variables. The interactions
were initially included and the non-significant interactions were subsequently
dropped out. The results are reported as the geometric mean and its 95% confidence
interval.

Linear mixed model with random intercept was used for testing the reaction
times of the recognition task for emotional sounds. Natural logarithm transformed
reaction times were tested with three different sets of explanatory variables. In the
first model, the main effects of state and drug were included. In the second model,
the main effects of state, drug, and the type of stimulus (familiar/new) were included.
In the third model, state, drug, and correctness of the response were included. In all
models, interactions were initially included, and if the interactions were not
statistically significant, the models were reduced to main effects only. SAS System
9.4 was used for the analysis of emotional sounds.

4.8.6 Analyses of N400O ERP at single-subject level in the
awake experiment (Study V)

Five different analysis methods were selected for a comparative analysis of the N400
ERP at single-subject level: visual inspection of averaged ERPs, analysis of variance
(ANOVA) of time-windowed amplitude averages, cluster-based nonparametric
testing, Bayesian regression analysis, and techniques based on continuous wavelet
transform. The visual inspection of averaged voltage-amplitude curves allows to
flexibly take into account the individual differences in the topography, latency, and
form of the ERP component of interest and interactions with other ERP components.
The ANOVA of amplitude averages allows accounting for the inter-trial variation
although the assumptions made in the selection of the channels of interest and the
time window affect the results and must be based on previous information
(Kriegeskorte et al., 2009; Luck, 2014). The cluster-based mass univariate approach
is especially useful when there is no strong a priori information on the spatiotemporal
location of the effect of interest. In the cluster-based testing, a non-specific null
hypothesis is tested: the test statistics are controlled for multiple comparisons at the
level of each cluster but do not provide information about the effect in individual
electrodes and time points (Groppe et al., 2011; Maris, 2012; Maris and Oostenveld,
2007). A newly developed Bayesian regression method is based on modeling the
voltage-amplitude curve using a linear model and the method can take the
background EEG signal into account (Pesonen et al., 2019). The Bayesian regression
method is especially useful if there is strong spatiotemporal a priori information and
a suitable observation model for the voltage-amplitude curve. The Studentized
continuous wavelet transform (t-CWT) is a feature extraction method that can be
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used in combination with classification algorithms for ERP analysis even at the
single-trial level (Bostanov, 2015). There are several different ways to estimate and
control the classification error in t-CWT and the method can be used both for
analyzing the complete ERP curves and for extracting single ERP components.

A total of 79 EEG measurements from the awake experiment (Figure 3) were
analyzed with all five methods. The EEG from awake experiment was preprocessed
as described in Table 2. In addition to the stimulus-related epochs, 150 epochs of
2.5s were randomly selected from the stimulus-free baseline measurements
recorded before (75 epochs) and after (75 epochs) the stimulus blocks. These 150
epochs were used to model the background EEG in the Bayesian regression method.

The analyses were performed separately for each participant and in the two
paradigms (active and passive) with the parameters described in Table 3. Briefly,
visual inspection was performed by three individual raters from 27-channel ERP
waveform figures including the superimposed average curves related to congruent
and incongruent last words. If all three raters agreed on the presence of N400 effect,
N400 effect was considered to be present. This approach resembles the clinical
routine for ERP analysis in many hospitals (Gabriel et al., 2016; Kotchoubey, 2015;
Steppacher et al., 2013).

The second method was ANOVA of voltage-amplitude averages in a pre-
determined time window, which is the most common ERP analysis method at group-
level (Dien and Santuzzi, 2005). The previously published information of the
spatiotemporal location of the N400 effect was utilized (Kutas and Hillyard, 1980).
The amplitude averages in a time window were calculated for each trial. Repeated
measures ANOVA was used to determine N400 effect as the difference between the
congruent and incongruent signals in the N400-specific time window in the centro-
parietal channels (Kotchoubey et al., 2005).

The third method was cluster-based nonparametric approach that allows testing
of adjacent time points and electrodes and controlling the multiple comparisons error
with cluster-level statistics (Maris and Oostenveld, 2007). The cluster-based testing
utilized the trial-wise sample points in every time point and electrode. The testing
was based on finding a cluster of spatiotemporally adjacent sample points.
Specifically, one-tailed independent samples t-tests were performed between the
congruent and incongruent conditions in the time window of 200-800 ms after
stimulus (Cruse et al., 2014). Spatiotemporally adjacent samples were clustered by
summing their t-values if a significant effect was simultaneously detected in two or
more neighboring channels. The t-value of the cluster was compared with the t-value
distribution of 1000 random permutations to obtain a Monte Carlo estimate of the
cluster P value.
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The fourth method was the Bayesian regression method where Bayesian
inference was used in combination with linear regression (Pesonen et al., 2019). The
Bayes’ theorem is based on a priori information that is used to construct the prior
distribution, and a likelihood function that models the observations. The posterior
distribution of the model parameters in the condition of the observed data is the
product of likelihood function and the prior distribution. Here, the voltage-amplitude
curve in the time window of 0—800 ms was modelled using linear regression, and the
posterior distribution was found for the parameters that define N400 component for
each subject at each of the 13 channels. The stimulus-free background EEG signal
was assumed to represent a stationary Gaussian process with moments evaluated
from the stimulus-free epochs. The early part (0296 ms) of the ERP curve was
assumed to be identical between the congruent and incongruent conditions, and the
latter part (300—800 ms) was assumed to differ between the conditions. The Gaussian
posterior distribution was evaluated in closed form using the assumptions and
Gaussian prior distribution for the parameters. The participant-level posterior
distribution was evaluated from channel-level posterior distributions by assuming a
common additive N400 component in the investigated centro-parietal channels. The
N400 effect was present if the probability of a negative N400 effect within the N400-
specific time window (300—-600 ms) was >95%.

The fifth method was the continuous wavelet transform in combination with
Student’s t-tests (t-CWT). The t-CWT is an ERP analysis method that is based on
the feature extraction of the ERP trials and the classification of the test trials based
on a linear discriminant function model that is created using training data from
different conditions (Bostanov, 2004, 2015; Bostanov and Kotchoubey, 2006). Here,
five variants of the t-CWT method implemented in t-CWT 2.01 package (Bostanov,
2015) were utilized. The alternative methods divide the data to training and test sets
differently. The training set is used to form the linear discriminant functions and the
test set is classified. The t-CWT individual split-half classification was based on
dividing the trials in the training and test sets in the proportions of 50%/50% or
80%/20%. The presence of N400 effect was defined based on the Hotelling’s T2 test.
The group hold-out t-CWT was based on excluding one participant at a time from
the trial set and the N400 was defined based on the Hotelling’s T2 test. In the
individual hold-out method, one trial was excluded at a time and classified using the
model constructed based on the remaining trials. Binomial test was used to assess
whether the classification error rates were better than the chance classification error
rates defined by the a priori ratios of the congruent and incongruent trials. The
individual biased method reuses the same data for training and testing and would
require an appropriate correction of the accumulation chance bias. However, since
the randomization test correction was not readily included in the t-CWT 2.01
package, no correction of the accumulation chance bias was performed. Out of all
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the t-CWT methods, the individual split-half method and the group hold-out method
allowed the correction of Hotelling’s T2 test results for repeated tests with the tools
implemented in the t-CWT 2.01 package and could be utilized without additional
data and were therefore most comparable with the other methods in the study.

The participants with the N400 effect detected with different methods were
visualized using approximately area-proportional Euler Diagrams that were drawn
with Biovenn (Hulsen et al., 2008). The performance of different methods was
evaluated quantitatively by comparing epoch characteristics and qualitatively by
visual classification. To avoid excessive multiple comparisons, the t-CWT method
with its alternative testing approaches was excluded from the quantitative and
qualitative assessments.

The quantitative comparisons included the N400 effect size and its maximum
and median values computed from the difference waves of each individual; the
standard deviation, kurtosis, and skewness of the time window-averaged amplitudes
over trials to evaluate the distribution of voltages in different trials; and the standard
deviation, kurtosis, and skewness of the sample points averaged over trials to
evaluate the distribution of voltages within trials. All analyses used data from the Cz
channel. In addition, the maximum and average of global field power (GFP)
(Lehmann and Skrandies, 1980) were calculated separately for congruent and
incongruent trials using average referenced data. All quantitative analyses were
restricted to the time window from 300 to 600 ms. The participants with and without
a significant N400 effect according to each method were compared using
independent samples t-tests. Moreover, the participants with no N400 effect detected
with any method were compared to those with a significant effect according to at
least one method. Since each quantitative feature was tested five times in the two
paradigms, a Bonferroni corrected a-level of 0.005 was used.

For the qualitative comparison of the analysis methods, the average waveforms
were classified based on six features (Table 4). The classification was performed by
one rater in a randomized order using the same N400-average-figures that were used
in the context of the visual inspection method.

85



Roosa Kallionpaa

Table 4. Features evaluated qualitatively from each ERP average waveform

FEATURE LEVELS

TIMING typical / early / late / inconsistent

TOPOGRAPHY typical / local / frontal / inconsistent

LENGTH OF EFFECT typical / short / long / inconsistent

MORPHOLOGY typical / typical but rough / multiple-peaked / flat / flat but rough
/ inconsistent

ALPHA SYNCHRONIZATION | not prominent / strong

OVERALL SIGNAL QUALITY

86
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5 Results

5.1 The numbers of participants in each
experimental state

All of the 79 participants successfully completed the awake experiment. In the active
setting, the participants responded to a median of 100% (range 90—100%) stimuli,
and the median proportion of correct responses was 100% (range 96—100%).

In the anesthesia experiment, all 47 participants reached LORI1 state. Four
dexmedetomidine participants and three propofol participants lost responsiveness
with the lowest targeted concentration step (1.0 ng/ml or 1.0 pl/ml, respectively) and
thus did not have any responsive sedative states before LOR1. Two propofol
anesthesia sessions were discontinued due to snoring and mild apnea: one during
LORI and another after LOR1. In the dexmedetomidine group, 18/23 were rousable
after LORI1, and among the participants receiving propofol, there were 10/23
successful awakenings. LOR2 was observed in all 18 participants receiving
dexmedetomidine but in only 4 cases in the propofol group. All 18 participants in
the dexmedetomidine group and two participants receiving propofol could be roused
to ROR2 interview. The LOC was achieved in 23 participants receiving
dexmedetomidine and 22 participants receiving propofol. Two participants in both
drug groups required an additional increment of dose to reach LOC state. Finally, all
the 23 and 22 participants in the dexmedetomidine and propofol groups, respectively,
were interviewed in ROR3. The awakenings during constant anesthetic infusion
were more frequently successful with dexmedetomidine than with propofol (Fisher’s
Exact test P=0.033 in ROR1 and P=0.026 in ROR2). Eight participants from the
dexmedetomidine group and one participant in the propofol group needed to be
roused to ROR3 state after awaiting the spontaneous recovery for 30 minutes. The
drug concentrations targeted and measured at each stage and associated adverse
events have been previously reported (Scheinin et al., 2018) and the measured
concentrations are summarized in Figure 4.

In one propofol experiment, there was a problem in anesthetic infusion in LOC
after N400 block. In one dexmedetomidine experiment, EEG data is only available
until the beginning of LOR2 state due to technical problems in the recording
computer. Sufficient numbers of good-quality trials were required for including a
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participant in the N400 analyses (Section 4.8.3) and the numbers of participants are
therefore smaller than in the connectivity analyses. The numbers of participants in
different experimental states and analyses are shown in Table 5.

Table 5. The numbers of participants contributing data to each study: For anesthetized states,
the numbers are shown as n of dexmedetomidine participants + n of propofol
participants = total number of participants. The epoch names refer to the EEG epochs

used in connectivity analyses.

STATE STATE STUDY I: |STUDY IlI: | STUDY II: | STUDY STUDY STUDY
(EEG epoch) | ACHIE- CONNEC- | N400 SEN- lll: EXPE- |[1II: IV: N400
VED TIVITY TENCE RIENCES [SOUND |AWAKE
RECOG- RECOG-
NITION NITION

BASELINE 79 23+24=47 | 23+24=47 |23+24=47 |- - 79
(baseline)
LAST 19+21=40 [19+21=40 |- - - - -
RESPONSIVE
SEDATION
(SED)
LOR1 23+24=47 |23+24=47 |22+(21to |20+23=43 |- 23+23=46 | -
(LOR) 22)=43 to

44>
LOR1 23+23=46 |23+23=46 |- - - - -
(LORIate)
ROR1 18+10=28 |- - - 18+10=28 |- -
LOR2 18+4=22 |- 1743=20 |[13+4=17 |- 18+4=22 |-
ROR2 18+2=20 |- - - 18+2=20 |- -
LOC 23+22=45 |22+22=44 | (21 to 21+22=43 |- 23+21=44 |-
(LOC) 22)+(16 to

17)=37 to

39*
ROR3 23+22=45 |- - - 23+22=45 | - -

* The number of participants varies for different types of stimuli (congruent and incongruent last
words and first words).
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5.2 Alpha band frontal connectivity as a state-
specific correlate of unresponsiveness

(Study I)

The statistical analyses of the present study focused on the connectivity in the alpha
frequency band that has been highlighted in the previous literature on connectivity
during anesthesia (Blain-Moraes et al., 2014; Chennu et al., 2016; Kim et al., 2016;
Lee et al., 2013a; Supp et al., 2011; Vlisides et al., 2017). The alpha band also
showed the largest changes in connectivity in the present study. The connectivity
was analyzed between the anterior and posterior areas and within the anterior area
(prefrontal-frontal). Topographic analysis showed marked state-dependent changes
in the anterior areas with both drugs.

When states associated with different anesthetic concentrations were compared,
the anterior-posterior connectivity differed between states in terms of coherence
(P=0.002), wPLI (P=0.051), and dPLI (P<0.001) (Figure 7). Functional
connectivity, measured with coherence and wPLI, showed a transient and mostly
non-significant decrease in sedation and LOR1 especially in the propofol group but
returned back to baseline-level in LOC. The dPLI analysis suggested that the
direction of the phase lead-lag relationship turned from anterior-to-posterior net
information flow seen in baseline to posterior-to-anterior dominance in LOC. The
overall levels of wPLI and dPLI but not coherence differed between the two
treatments (Figure 7).

Within the anterior area, the prefrontal-frontal coherence, wPLI, and dPLI
differed between the states associated with different anesthetic concentrations
(P<0.001, Figure 7). With both drugs, coherence and wPLI strongly increased in
response to the increasing concentration, which, based on dPLI, stemmed from the
switch of the prefrontal-to-frontal phase lead-lag-relationship in baseline to frontal-
to-prefrontal in the sedated states. Propofol induced larger differences between the
states than dexmedetomidine based on wPLI and dPLI but not based on coherence
(interaction of state and treatment: coherence P=0.406; wPLI P=0.004; dPLI
P=0.005). The dominant direction of connectivity differed already between baseline
and responsive sedation in the propofol group (P=0.041), and the dominance of
frontal-to-prefrontal connectivity was strengthened with the increasing dose and the
loss of responsiveness in both treatment groups (P<0.001 for SED vs. LOR and for
SED vs. LOC).

There were no major differences in the anterior-posterior connectivity between
the epochs associated with the same anesthetic concentration (LOR, LORa, ROR)
in either dexmedetomidine or propofol group (Figure 8). Importantly, anterior-
posterior connectivity measured with coherence, wPLI, or dPLI did not significantly
differ between the ROR epoch and the two epochs originating from the LORI
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Figure 7. Connectivity values (coherence, wPLI, and dPLI) of the epochs associated with
increasing drug concentration in A. anterior-posterior region and B. prefrontal-frontal
region illustrated with Tukey boxplots.
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state. Thus, there was no effect of responsiveness when the drug concentration
remained constant. The levels of the wPLI and dPLI measures observed during the
constant concentration of the anesthetics differed between dexmedetomidine and
propofol (main effect of treatment P=0.012 and P<0.001, respectively).

As opposed to the anterior-posterior connectivity measures, the prefrontal-
frontal coherence, wPLI, and dPLI distinguished ROR from the LOR and LORjae
(Figure 8). Notably, the phase lead-lag relationship measured with dPLI reverted
from the frontal-to-prefrontal dominance in LOR and LORa to prefrontal-to-frontal
direction in ROR. The differences between the two LORI-originating epochs
indicated that the unresponsive period was not completely stable despite the constant
target concentration, but the connectivity values shifted towards LOC values during
the state.

The coherence, wPLI, and dPLI were also tested in prefrontal-posterior and
frontal-posterior areas to ensure that there is no bias caused by the use of a broad
anterior area in the anterior-posterior analysis, and the results were very similar to
the anterior-posterior results (data not shown).

Prediction probability (Px) values were calculated to compare the connectivity
measures with each other and with the anterior alpha spectral power. The anterior-
posterior connectivity did not discriminate LOR and ROR states (Px 0.53-0.67; P
values 0.176-1). When the states associated with an increasing anesthetic
concentration were considered, the coherence (Px=0.66, P=0.006) and dPLI
(Px=0.73, P<0.001) values of anterior-posterior connectivity differentiated the states
above the chance level in the propofol group.

In contrast to the anterior-posterior measures, the anterior alpha power, wPLI,
and dPLI distinguished LOR and ROR states (Px range 0.74 to 0.88, P<0.05 for all).
Coherence could not separate the LOR and ROR states at a statistically significant
level in the dexmedetomidine group (Px 0.71, P=0.065) although a significant
prediction probability was detected in the propofol group (Px 0.83, P<0.001). All
four measures were able to differentiate the states with increasing anesthetic
concentration (baseline, SED, LOR, LOC) as indicated by Pk values (Px range 0.61
to 0.86, P<0.05 for all). There were no statistically significant differences in the Px
values between the different measures in the LOR-ROR comparison with either of
the two drugs, or in the baseline—~SED-LOR-LOC comparison with propofol. In the
dexmedetomidine group, the connectivity measures had higher Px values (range 0.76
to 0.83) than the alpha spectral power (Px=0.61) in the analysis of increasing drug
concentration (P<0.05 for all). Overall, the correlation between the anterior alpha
power and prefrontal-frontal connectivity was fairly high across the different drug
concentrations especially in the propofol group.
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Figure 8. Connectivity values of the epochs with constant drug concentration in A. anterior-
posterior region and B. prefrontal-frontal region illustrated with Tukey boxplots.
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5.3 Semantic processing in anesthetic-induced
unresponsiveness (Study Il)

In both active and passive awake baseline, the first and the incongruent last words
of the sentences elicited an N400 component significantly more negative than the
corresponding control time window (Figure 9). The N400 component elicited by the
incongruent last words was more negative than the component resulting from the
congruent last words (P<0.001), that is, the N400 effect was observed. The latencies
of the N400 components elicited by the first and the incongruent last words were 441
ms (95% CI, 373-509) and 382 ms (95% CI 332-431) in the active baseline,
respectively. In the passive baseline, the corresponding latencies were 416 ms (95%
CI401-432) and 414 ms (95% CI 323-504).

First word Congruent last word Incongruent last word
2 -5 -5 57 — Baseline, active
5 ] i i A .
E i i i ﬁ —— Baseline, passive
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Figure 9. N400 components elicited by different stimuli in electrode C4. The limits of the time
window of interest (300-600 ms) are highlighted with grey dashed lines. In the
dexmedetomidine group, the numbers of participants in each condition were 23 in
baseline, 22 in LOR1, 17 in LOR2, 22 for the first words in LOC, and 21 for the last
words in LOC. In the propofol group, there were 24 participants in baseline, 22 for the
first words in LOR1, 21 for the last words in LOR1, 3 in LOR2, 16 for the first words in
LOC, and 17 for the last words in LOC.

The N400 effect disappeared in dexmedetomidine-induced unresponsiveness
already in LOR1 state. However, a negative deflection with a timing and topography
compatible with the N400 component persisted, and the N400 component was
observed for the first and last words of sentences in the dexmedetomidine group. The
N400 component elicited by the first words of sentences differed between the states
(main effect of state P=0.021 for the comparison of active baseline, LOR1, LOR2,

93



Roosa Kallionpaa

LOC) and was more negative in the LOR states than in the active baseline (LOR1
P=0.043 and LOR2 P=0.052). The N400 component elicited by the congruent last
words was also significantly different between the four states (main effect of state
P<0.001) and was more negative in all the unresponsive states than in the active
baseline (LOR1 P<0.001, LOR2 P=0.014, and LOC P=0.019). The N400
component observed in response to the incongruent last words of sentences did not,
however, differ between the active baseline and the unresponsive states (P=0.316).
Thus, the N400 component elicited by all the three types of words (first, congruent
last, incongruent last) during dexmedetomidine-induced unresponsiveness
resembled the N400 component elicited by incongruent words in the awake baseline.
In the dexmedetomidine group, the latency of N400 component varied between 360
ms (95% CI 134-586 ms) for the congruent last words in LOC and 462 ms (95% CI
200-724 ms) for the incongruent last words in LOR2.

Propofol administration resulted in high-amplitude oscillations that dominated
even the average ERP waveforms, which limits the interpretation of the results. In
addition, the LOR2 state was achieved with only four participants receiving
propofol, and only three of them had a sufficient amount of the ERP data available
after the preprocessing steps. During the propofol-induced unresponsiveness, the
average amplitudes observed in the N400 time window were consistently more
negative than those in the control time window, but statistically significant N400
effect and component were mostly not detected. Although a statistically significant
ERP was detected on a few occasions, such as in response to incongruent last words
in LOR1 (P=0.017), the results were not consistent across stimulus types or states.
However, interestingly, the N400 effect was detected in LOR2 (P<0.001), but the
data were only available from three participants. Restricting the LOR1 analysis to
these same three participants yielded no observable N400 component. Stratifying the
analyses by the reporting of experiences was not feasible, since only 0—6 participants
per drug reported no experiences from each state (Section 5.5).

5.4 Familiarity of the sentences and emotional
sognﬁi presented during sedation (Studies |l
an

The memory trace of emotional sounds (anesthesia experiment) and incongruent
sentences (awake and anesthesia experiments) was studied with a yes/no recognition
task.

The participants anesthetized with dexmedetomidine recognized the emotional
sounds heard during unresponsiveness better than the participants anesthetized with
propofol (P=0.02, interaction of stimulus and treatment). The recognition rate of the
familiar sounds was 41.7% and the false alarm rate was 26.8% in the
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dexmedetomidine group (odds ratio for the familiar sounds after adjustment for state
1.75, 95% CI 1.19-2.79). In the propofol group, the recognition rate was 15.2% for
familiar sounds and the false alarm rate was 21.9% (odds ratio for the familiar sounds
after adjustment for state 0.67, 95% CI 0.35-1.28). None of the participants
mentioned hearing the emotional sounds in the interviews. In the recognition task,
the responses to the familiar stimuli (mean 627 ms, 95% CI 551-713 ms) were faster
than to novel stimuli (715 ms, 95% CI 647-792 ms; P=0.02 after adjustment for state
and drug).

The sentences heard during the active baseline of the awake experiment were
recognized at an average rate of 87% and, with a false alarm rate of 7.7%. In the
passive baseline, the respective numbers were 71% and 13%. Accordingly, the
discriminability measure d’ clearly showed the recognition of the stimuli with values
of 2.5 (95% CI 2.3 to 2.7) in the active baseline and 1.7 (95% CI 1.4 to 2.0) in the
passive baseline. The reaction times were shorter for the correct responses than for
the misidentified sentences, but the response times did not differ between familiar
and novel sentences in the awake experiment. Dexmedetomidine and propofol
significantly disrupted the sentence recognition (P<0.001 for comparison with the
active baseline) and the d’ ranged from 0.0 to 0.1 in the unresponsive states (95% CI
—0.3 to 0.4). The sentences heard during unresponsiveness were recognized at a rate
of 21% with a false alarm rate of 18%. The reaction times did not differ significantly
between the correct responses and the misidentified sentences. Throughout the
experiment, there was a conservative response bias which means that the stimuli
were reported as novel when unsure (except the active baseline). The five sentences
that were part of the responsiveness test were recognized at a rate of 32% in the
dexmedetomidine group and at a rate of 42% in the propofol group. The
responsiveness test was repeated a median of 3 times (range 0—11) in responsive and
11 times (range 2—27) in unresponsive state. The number of the times of hearing the
responsiveness test when the participant was either responsive or unresponsive did
not correlate with the recognition of the sentences.

5.5 Subjective experiences reported after
unresponsiveness (Study IlI)

The inter-rater reliability between the two raters for the stage 1 categorization of the
report types (origin of the experiences) was 92.9%, k=0.887 (P<0.001). For the stage
2 coding of the unresponsiveness-related experiences as dreaming, memory
incorporation, or awareness of the environment, the inter-rater reliability was 98.6%,
k=0.973 (P<0.001). The two raters assessed the SEDA categories for the modalities
of the experience (stage 3a) similarly in 84.0% for the dream reports, 93.3% for the
memory incorporation reports, and 89.7% for the awareness reports. The inter-rater
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reliability of the complexity measured with the Orlinsky scale (stage 3b) was 85.7%,
k=0.754 (P<0.001).

There were 93 successful awakenings followed by an interview: 59 in the
dexmedetomidine and 34 in the propofol group. Out of the interviews, 28 were from
ROR1 after LOR1, 20 from ROR2 after LOR2, and 45 from ROR3 after LOC state.
Most of the reports (84%) were classified as unresponsiveness reports and most of
them contained experiences from more than one stage 2 category: dreaming, memory
incorporation, and awareness of environment (Figure 10). There were more
successful awakenings from LOR1 and LOR?2 states induced by dexmedetomidine
than from those induced by propofol (Fisher’s Exact test, P=0.033 for LOR1 and
P=0.026 for LOR2). Most of the participants reported subjective experiences
originating from the unresponsive period (90% of the dexmedetomidine participants
and 74% of the propofol participants) and there was no difference between the two
drugs in the proportions of reports with unresponsiveness-related content
(unresponsiveness-related content vs. other stage 1 categories, Fisher’s Exact test,
P=0.076). However, when all the four stage 1 categories were compared, the
distribution of reports with no recall, responsiveness-related content, white report,
or unresponsiveness-related content differed between the drugs (Fisher’s Exact test,
P=0.001): the proportion of reports with experiences from the unresponsive period
was higher among the participants receiving dexmedetomidine than among the
participants receiving propofol, while the proportion of reports with wake-related
experiences was higher in the propofol group.

ROR1/ ROR2 / ROR3 report
N=93 (Ndex=59, Npro=34)

A e

Stalge' 1. No recall Responsiveness report White report Unresponsiveness report
Exc ‘-’5"'/9 N=5 (Ndex=3, Npro=2) N=7 (Ndex=0, Npro=7) N=3 (Ndex=3, Npro=0) | N=78 (Ndex=53, Npro=25)
categories

Sta/gg 2. Dreaming Memory incorporation Awareness of environment
Inclusive N=67 (Ndex=49, Npro=18) N=60 (Ndex=38, Npro=22) N=13 (Ndex=12, Npro=1)
categories

Figure 10. The distribution of the interview reports from the 93 successful awakenings in analysis
stages 1 and 2. Ngex = number of reports related to dexmedetomidine, Ny, = number of
reports related to propofol.
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Most of the unresponsiveness-related experiences were either dreaming or
memory incorporation of the research environment. Out of the unresponsiveness
reports from ROR1, ROR2, and ROR3, 88.0%, 80.0%, and 86.8% included dream
content, respectively. Memory incorporation was included in 88.0% of the
unresponsiveness reports in ROR1, 53.3% in ROR2, and 78.9% in ROR3, and
awareness was observed in 16.0%, 26.7%, and 13.2% of the unresponsiveness
reports of the respective states. Participants in the dexmedetomidine group had more
dreaming than those receiving propofol in ROR1 (100% vs. 62.5%, Fisher’s Exact
test, P=0.024) and in all RORs combined (92.5% vs. 72.0%, P=0.022). Awareness
of the research environment was present in 13 reports (16.7%). When these reports
were compared with experiment logs and EEG recordings, all the cases were related
to brief arousals from the unresponsive state. Thus, no awareness of the environment
was observed during complete anesthetic-induced unresponsiveness. Awareness of
the research environment was more common in the dexmedetomidine group than in
the propofol group (12 reports vs. 1 report, Fisher’s Exact test, P=0.051). The only
awareness report in the propofol group originated from the ROR3 state. The
awareness reports of the participants receiving dexmedetomidine were evenly
distributed in ROR1, ROR2, and ROR3 states, 4 reports in each.

When the unresponsive experimental states achieved in each participant were
further grouped based on the reports to connected, disconnected, unconscious, and
unknown, there were 13 unresponsive periods with connected experiences
(unresponsiveness report with awareness content), 65 periods with disconnected
experiences (unresponsiveness report without awareness content), and 12 periods
suggestive of unconsciousness (no recall or responsiveness-related report). In 24
unresponsive periods, the status remained unknown (no awakening, no successful
interview or white report). Out of the 12 potentially unconscious unresponsive
periods, only 3 were from the dexmedetomidine group and all of them were from
ROR2. The remaining 9 cases were from the propofol group and were recorded in
ROR1 (N=2), ROR2 (N=1), or ROR3 (N=6)

The participants receiving dexmedetomidine had to be roused to the ROR3 state
more often than those in the propofol group (Fisher’s Exact test, P=0.010). All but
one person in the propofol group regained responsiveness spontaneously. In the
dexmedetomidine group, the time from the end of drug administration in LOC to
awakening correlated with the measured drug concentration in LOC (Spearman’s
correlation coefficient 0.84). There were no statistically significant differences in the
proportions of unresponsiveness reports and other types of reports (no recall,
responsiveness report, white report) between the participants who were roused and
the participants who woke up spontaneously (P=1.000).

The modality and complexity of the experiences did not differ between the two
drugs and the results are therefore reported with the drugs combined (Table 6, Table
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7). The dream experiences were mostly visual (89.6%) and many of them (32.8%)
included auditory perceptions. The kinesthetic and cognitive experiences were
broadly present in the dream reports. The reports showing memory incorporation
contained mostly auditory (65.0%) and visual (36.7%) experiences. The experiences
related to temperature or pain were present in one fifth of the reports with memory
incorporation and they were mostly related to cannulation or injection of the
anesthetic. The dream experiences were classified relatively evenly to static, scenery,
and dynamic categories but the memory incorporation reports were mostly static
(84.5%). The awareness experiences were primarily static, and they included mostly
auditory (53.8%) or kinesthetic (23.1%) experiences or sense of presence (23.1%).

Table 6. The modality (stage 3a) of experiences in unresponsiveness reports. In total, there were
67 dream reports, 60 memory incorporation reports, and 13 awareness reports.

DREAM MEMORY AWARENESS
REPORTS INCORPORATION | REPORTS
CONTAININGA |REPORTS CONTAINING A
SPECIFIC CONTAINING A SPECIFIC
MODALITY, N (%) | SPECIFIC MODALITY, N (%)
MODALITY, N (%)
SENSORY-PERCEPTUAL
VISUAL 60 (89.6%) 22 (36.7%) 1(7.7%)
AUDITORY 22 (32.8%) 39 (65.0%) 7 (53.8%)
GUSTATORY 2 (3.0%) 0 (0.0%) 0 (0.0%)
OLFACTORY 0 (0.0%) 0 (0.0%) 0 (0.0%)
INTEROCEPTIVE 1(1.5%) 1(1.7%) 0 (0.0%)
KINESTHETIC 18 (26.9%) 17 (28.3%) 3 (23.1%)
TACTILE 3 (4.5%) 10 (16.7%) 2 (15.4%)
PAIN, TEMPERATURE 2 (3.0%) 12 (20.0%) 2 (15.4%)
AFFECTIVE STATES
POSITIVE 14 (20.9%) 4 (6.7%) 0 (0.0%)
NEGATIVE 10 (14.9%) 2 (3.3%) 1(7.7%)
COGNITION 22 (32.8%) 9 (15.0%) 2 (15.4%)
OUT-OF-BODY EXPERIENCE |0 (0.0%) 0 (0.0%) 0 (0.0%)
SENSE OF PRESENCE 2 (3.0%) 6 (10.0%) 3 (23.1%)
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Table 7.

The perceptual

complexity and dynamics

Results

(stage 3b) of experiences in

unresponsiveness reports. In total, there were 67 dream reports, 60 memory
incorporation reports, and 13 awareness reports. Some of the reports only contained
thoughts or memories without any perceptual content and thus 64 dream reports, 58
memory incorporation reports, and 12 awareness reports could be classified with
Orlinsky scale.

DREAM REPORTS,
N (%)

MEMORY
INCORPORATION
REPORTS, N (%)

AWARENESS
REPORTS, N (%)

STATIC REPORT 24 (37.5%) 49 (84.5%) 11 (91.7%)
SCENERY REPORT |22 (34.4%) 9 (15.5%) 0 (0.0%)
DYNAMIC REPORT |18 (28.1%) 0 (0.0%) 1 (8.3%)

Considering the presence of experiences of different content types (dreaming,
memory incorporation, and awareness of environment) within single reports, most
of the reports included both dreaming and memory incorporation (49/78, 62.8%).
All of the reports demonstrating awareness also included dreaming (11/13, 84.6%)
and/or memory incorporation (9/13, 69.2%). The median number of different
modalities was 2 (range 1 to 8) in dream reports, 2 in incorporation reports (1 to 5)
and 1 in awareness reports (1 to 3).

5.6 Combined results from the anesthesia

experiment (Studies |-I1l)

The results from the anesthesia experiment (Studies [-III) are summarized in Table
8. The most prominent changes from baseline to the anesthetic-induced
unresponsiveness were the loss of N400 effect, the increased amplitude of N400
component elicited by congruent words in the dexmedetomidine group, the increase
in the prefrontal-frontal functional alpha connectivity, and the decrease in the
prefrontal-to-frontal directed alpha connectivity. In contrast, there were no changes
in N400 component elicited by incongruent words in the dexmedetomidine group or
in anterior-posterior alpha connectivity.
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Table 8. The changes detected in different measures from one experimental state to another.
The subjective experiences from interviews are marked under the state after which the
interview was done. Abbreviations: 1, the measure increased; |, the measure
decreased; «, the measure did not change; *, based on a trend, not a statistical test,
since the formal analysis of the differences was not part of the analysis plan (for

proportions of reports, a difference of 10 percentage points in a minimum of 3
participants was considered suggestive of a trend); -, not measured; dexmed.,
dexmedetomidine.

baseline | SED |baseline| LOR1| LOR1 |baseline| LOR1 LOR2
— — el — — — — —
SED |LOR1| LOR1 |ROR1| LOR2 LOC LOC LOC
N400 - - < with - — with | <> with | < with | < with
COMPONENT dexmed. dexmed.*|dexmed. |dexmed.*|dexmed.*
FOR
INCONGRUENT
WORDS
N400 - - 1 with - « with | 1t with | < with | < with
COMPONENT dexmed. dexmed.*|dexmed. |dexmed.*|dexmed.*
FOR CONGRUENT
WORDS
N400 EFFECT - - * - «— with * — with | < with
dexmed.* dexmed.*|dexmed.*
PREFRONTAL- ) ) 1 ! - 1 ) -
FRONTAL ALPHA
COHERENCE
PREFRONTAL- P 1 1 ! = 1 > with -
FRONTAL ALPHA dexmed.,
WPLI 1 with
propofol
PREFRONTAL- > with ! l 1 - ! — with -
TO-FRONTAL dexmed., dexmed.,
ALPHA DPLI | with 1 with
propofol propofol
ANTERIOR- - VEN PN PN > o 1 -
POSTERIOR
ALPHA
COHERENCE
ANTERIOR- «— with VRN PN JEN - VN o -
POSTERIOR dexmed.,
ALPHA WPLI | with
propofol
ANTERIOR-TO- PEN P PEN PEN = 1 1 -
POSTERIOR
ALPHA DPLI
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Results

(Table 8 continued)

baseline | SED |baseline|LOR1| LOR1 |baseline| LOR1 LOR2
SED |LOR1| LOR1 |[ROR1| LOR2 LOC LOC LOC
NO RECALL OF - - - - 1 with - —* | with
EXPERIENCES dexmed.* dexmed.”
RESPONSIVE- - - - - <> with - « with | < with
NESS REPORT dexmed.* dexmed., |dexmed.*
1 with
propofol®
WHITE REPORT - - - - < with - ¥ < with
dexmed.* dexmed.”
UNRESPON- - - - - 1 with - > with 1 with
SIVENESS dexmed.” dexmed., |dexmed.”
REPORT < with
propofol*
DREAMING - - - - | with - — with | < with
dexmed.* dexmed., |dexmed.*
1 with
propofol*
MEMORY - - - - 1 with - 1 with 1 with
INCORPORATION dexmed.” dexmed., |[dexmed.*
«— with
propofol*
AWARENESS - - - = < with - —* | with
dexmed.* dexmed.*
RECOGNITION OF - - 1 - o* 1 ¥ o*
SENTENCES
RECOGNITION OF - - - - PN = PN PN
SOUNDS
5.7 The impact of the analysis method on detecting

N400 effect in awake state (Study V)

Data from 79 participants and two paradigms were analyzed in Study IV. Therefore,
the maximum number of detected N400 effects could have been 158. There was a
substantial agreement between the three raters in the visual inspection of N400 effect
(Fleiss’s k 0.68). All the three raters detected N400 effect in 105/158 cases and at
least two raters detected N400 effect in 118 cases. When the agreement of all three
raters was required, N400 effect was detected in at least one paradigm in 67
participants. With ANOVA, cluster-based non-parametric testing, and the Bayesian
method, N400 effect was detected in at least one paradigm in 54, 47, and 70
participants, respectively. The variants of t-CWT method detected N400 effect in at
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least one paradigm in 25, 17, and 47 participants with the split-half 50%/50%, split-
half 80%/20%, and group-hold-out algorithms, respectively. The different variants
of t-CWT showed relatively low concordance.

The overlap of the detection of N400 effect was evaluated between visual
inspection, ANOVA, cluster-based non-parametric testing, and the Bayesian
method. The t-CWT was excluded due to the discrepancies between its different
variants. N400 effect was detected by at least one of the four methods in 86% (68/79)
of participants in the active paradigm and in 86% (68/79) of participants in the
passive paradigm. Visual inspection covered 82% and 72%, ANOVA 63% and 49%,
the cluster-based method 57% and 37%, and Bayesian regression 88% and 88% of
the participants with N400 effect detected by at least one of the four methods in the
active (N=68) and passive (N=68) paradigms, respectively. The methods overlapped
only partially and all the methods but ANOVA detected N400 effect in cases that
were not detected by any other method. All the four methods detected N400 effect
in 29 participants in the active and 20 participants in the passive paradigm. In
addition, the three-method intersection of visual inspection, ANOVA, and Bayesian
method covered 10 participants in the active and 10 participants in the passive
paradigm, and the two-method intersection of visual inspection and Bayesian
method was 8 participants in the active and 10 participants in the passive paradigm.
The Bayesian method was the most liberal approach, and it was the only method to
detect the N400 effect in 7 participants in the active and 17 participants in the passive
paradigm. N400 effect was detected by visual inspection in almost all the participants
who also showed N400 effect with ANOVA and the cluster-based method. The
concordance of the N400 effect detection between the two paradigms was only
partial (Figure 11). In four (5%) participants N400 effect was not identified by any
of these four methods in either active or passive paradigm. The t-CWT 80%/20%
detected N400 in two of these participants.

The performance of the different methods was evaluated with quantitative and
qualitative analysis. The t-CWT results were not included due to the high variability
between the different t-CWT approaches. The detection of N400 effect was
associated with more negative amplitude, maximum, and median of the difference
wave in 300-600 ms time window (P<0.005) in Cz electrode compared with the
cases without detected effect. This applied to the four methods separately and in
combination with the exception of the maximum of participant-wise average in the
passive paradigm, which only differed statistically significantly with ANOVA and
the cluster-method. Any other measures (standard deviation, kurtosis, and skewness
between the trials or within the average ERP, or the maximum and average of GFP)
did not differ significantly between the cases with and without a detected N400 effect
(P>0.005). Thus, these comparisons provided no explanation for the differences
between the four methods.
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The qualitative analysis revealed that the cases where N400 effect was not
detected by any of the four methods were characterized by inconsistent timing,
inconsistent or local topography, inconsistent or short length, or inconsistent
morphology of N400 ERP waveform. The Bayesian regression was the only method
that detected several cases categorized as inconsistent with respect to some
characteristic. The N400 effects that were typical in terms of timing, topography,
length, or shape were primarily detected with visual inspection, ANOVA and the
Bayesian method but the cluster-method only detected half of them or less.

Visual ANOVA

Active Active

Active: 71%, Passive: 62%, Neither: 15% Active: 54%, Passive: 42%, Neither: 32%

Clustered Bayes

Active
Active

Active: 49%, Passive: 32%, Neither: 41% Active: 76%, Passive: 76%, Neither: 11%

t-CWT split-half 50%/50% t-CWT split-half 80%/20% t-CWT group hold-out

Active Aaifive Active

Active: 24%, Passive: 14%, Neither: 68%  Active: 16%, Passive: 9%, Neither: 78% Active: 43%, Passive: 34%, Neither: 41%

Figure 11. The numbers of participants with N400 effect detected in active paradigm (light grey),
passive paradigm (dark grey), and neither (medium grey). The area of the circles is
proportional to the number of participants. Total number of participants is 79. Out of the
variants of t-CWT method, the three approaches using Hotelling’s T2 test are shown.
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The current understanding of changes in brain function and in the states and contents
of consciousness during sedation and general anesthesia is incomplete. In this study,
the anesthetic-induced unresponsiveness was explored from the perspectives of the
EEG-based features of brain activity with and without stimulation and the
experiences of the participants. The awakening of the participants during constant
anesthetic infusion enabled the examination of state-related effects apart from the
effects of the drug concentration, and the recording of their experiences without
memory confusions related to delayed interviews. Many previous studies examining
anesthetic-induced alterations in the state of consciousness have assumed that the
anesthetic effects on the brain directly reflect the neural correlates of consciousness
but, in reality, the drugs have wide effects on the brain that are not necessarily related
to the state of consciousness (Brown et al., 2010; Franks, 2008).

The altered state of consciousness caused by anesthetics can be characterized in
terms of responsiveness, connectedness, and consciousness. More precise anesthesia
monitors are needed to take into account the different aspects of the experiences
occurring during general anesthesia, and for objective on-line monitoring of the
patient’s state of consciousness to minimize the possibility of intraoperative
awareness. New tools for the monitoring of the state of consciousness could also be
useful in other behaviorally unresponsive conditions, such as disorders of
consciousness, and the information on the experience-related brain functions may
help in constructing brain-computer interfaces.

The loss of the interplay between the anterior and posterior parts of the brain is
often considered to have a major role in inducing unconsciousness during general
anesthesia. The results of this study show that the loss of functional or directed alpha-
band connectivity between anterior and posterior regions is not a correlate of
anesthetic-induced unresponsiveness. Instead, unresponsiveness is accompanied by
the increase of prefrontal-frontal functional connectivity and the reversion of
prefrontal-frontal directed connectivity in the alpha band, and the changes return to
a level preceding unresponsiveness upon rousal despite constant drug infusion. This
highlights the possibilities of frontal EEG monitoring of general anesthesia. The
results regarding the N400 ERP show that dexmedetomidine and propofol anesthesia
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disrupt the understanding of complex linguistic stimuli. However, the processing of
meaning is not necessarily completely lost, at least not during dexmedetomidine-
induced unresponsiveness, but the anesthetic may interfere with the processing of
individual words in relation to the preceding context. The detection rate of N400
effect was only 76% at the highest at single-participant level during wakefulness
which shows that N400 cannot be reliably used to explore connectedness at
individual-level even in the awake state. The increased low frequency background
activity prevented the study of the individual-level N400 in anesthesia.

The roles of cortex and subcortical structures in the altered states of
consciousness have been a topic of a long-lasting debate (Alkire et al., 2008a; Boly
et al., 2012; Pujol et al., 2021; Raz et al., 2014; Scheinin et al., 2021). Also, the
frontal and parietal brain structures have been in the core of many theories and
experimental studies but the results have been contradictory (Boly et al., 2017,
Mashour et al., 2012; Odegaard et al., 2017; Pal et al., 2018). The thalamus, anterior
and posterior cingulate cortices, and bilateral angular gyri have been suggested as
key structures in the changes between responsive and unresponsive, or connected
and disconnected states under exposure to anesthetics (Franks, 2008; Kantonen et
al., submitted; Langsjo et al., 2012; Scheinin et al., 2021). Compared with the
hemodynamic signal measured with fMRI that may be only weakly coupled with
neural activity in the resting state measurements, EEG is a direct measure of the
neuronal activity (Drew, 2019). The EEG measures mostly cortical signals but also
subcortical sources can be extracted from measurements to some extent (Seeber et
al., 2019). Even source-localized EEG signal fails to detect some of the active areas
detected with fMRI due to, for example, the cancellation of superimposed signals
from multiple sources (Ahlfors et al., 2010). When the analysis is limited to the
sensor space, the comparability of EEG measurements with brain imaging methods
is low, yet the challenges related to the assumptions in the inverse problem and to
constructing a network in a source space are avoided (Korhonen et al., 2021;
Mabhjoory et al., 2017; Michel and Brunet, 2019).

The present study is based on measuring the brain activity solely using EEG
analyzed in sensor space, and thus cannot reveal the underlying sources of the N400
or connectivity in the brain. However, the results can be interpreted in the context of
sensor space and previous source-based studies utilizing EEG and other methods.
Sensor-based approach is important from the viewpoint of monitoring anesthesia in
the clinical setting as it provides an easy-access, model-free representation of the
measured signals. For the purpose of anesthesia monitoring, developing methods for
the reliable differentiation of brain states is more urgent than fully understanding the
complete brain processes underlying the differences. The pyramidal layer 5 neurons
are the main source of EEG signal and they have been suggested to play a crucial
role in modulating the state in general anesthesia via both thalamo-cortical and
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cortico-cortical processing (Bachmann, 2021; Suzuki and Larkum, 2020), which
further highlights EEG as an interesting method to monitor anesthesia.

In the current study, two different anesthetic agents acting through different
molecular mechanisms were used to identify shared brain processes related to
consciousness that are not drug-specific. The existence of one unitary mechanism of
anesthetic-induced unconsciousness playing a role independent of the drug has been
questioned (Bonhomme et al., 2019). However, the present results demonstrate
multiple features shared between dexmedetomidine- and propofol-induced
unresponsiveness. In addition to the disruption of contextual processing of sentence
stimuli, indicated by the loss of the N400 effect, and shared trends in alpha
connectivity, most of the participants reported subjective experiences originating
from the unresponsive period. Memory incorporation of the research environment
was frequent with both drugs in the reports obtained after the recovery of
responsiveness, and the modality and complexity of the reported experiences did not
differ between the two drugs.

In addition to the observed similarities between dexmedetomidine and propofol,
several phenomena were typical only for one of the drugs. Despite the common
behavioral end-points, the overall levels of anterior-posterior functional and directed
connectivity values (wWPLI and dPLI) differed between the two drugs in the
anesthetized states. The N400 component persisted in all unresponsive experimental
states induced by dexmedetomidine. Although the propofol group also showed
negativity in the N400 time window, the high background noise did not allow
drawing conclusions regarding the N400 component during propofol-induced
anesthesia. The awakenings from unresponsiveness during constant infusion were
more often successful in the dexmedetomidine than in the propofol group although
there were many successful awakenings also with propofol. The participants
receiving dexmedetomidine reported experiences from the unresponsive period more
often than the participants receiving propofol whereas propofol was associated with
more reports of wake-related experiences. The participants in the dexmedetomidine
group had more dreaming and awareness content in the dream reports than propofol
participants. The participants receiving propofol regained responsiveness before the
30-minute cut-off after the highest anesthetic concentration more often than
dexmedetomidine participants.

6.1 The experimental states in relation to the
Hierarchical Framework of Experiences

The key features characterizing anesthetic-induced states include responsiveness,
connectedness, and consciousness, as described in the Hierarchical Framework of
Experiences (Section 2.2.6). In the present study, the dexmedetomidine and propofol
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administration was titrated to the same behavioral endpoint, unresponsiveness.
However, the connectedness and consciousness may have varied between the
participants even within the same experimental state. Responsiveness was measured
by asking the participants to press handles in response to sentence stimuli.
Responding to the sentence stimuli is a sum of several components: motor ability to
respond, connectedness, comprehension, and ability and willingness to follow
commands. Consequently, in baseline, the participants were responsive, connected,
and conscious as they were able to coherently respond to the stimuli. Also the N400
effect indicated the semantic processing of complex linguistic stimuli in baseline.

During the sedative steps before LOR1, the participant was still able to respond
to one or more sentences of the responsiveness test despite the presence of the
anesthetic drug. Regardless of being, by definition, a responsive state, the highest
sedative step already displayed changes in EEG connectivity that were further
strengthened after loss of responsiveness: the prefrontal-frontal functional
connectivity measured with coherence was already increased in the alpha band and,
with propofol, the prefrontal-to-frontal alpha band directed connectivity was
decreased.

The next increase in the drug target concentration caused LOR1 state that was,
by definition, an unresponsive state. In LOR1, the N400 effect was lost but, at least
with dexmedetomidine, the first and last words of the sentences elicited an N400
component which resembled the N400 component elicited by the incongruent words
in the awake state. Thus, stimulus-related brain activity was preserved in LORI
although the contextual processing of the words was disrupted. There were no signs
of remembering the sentences presented during unresponsiveness after the
experiment, but the participants responded faster to the emotional sounds heard
during unresponsiveness than to unfamiliar sounds. The participants receiving
dexmedetomidine recognized the familiar emotional stimuli more often than the
participants receiving propofol. All but three of the participants had experiences
originating from the unresponsive period, which indicates that the participants were,
on average, conscious during LOR1. Most of the reports contained both dreaming
and memory incorporation of the events related to the experimental situation, but all
of the awareness-related experiences were associated with arousals during the
experimental state. Based on the N400, memory test results, and experiences, it
seems that the LORI1 state was often a conscious state and there were aspects of both
connected and disconnected experiences.

In LOR2, the N400 component and effect were very similar to LOR1 in the
dexmedetomidine group. Unresponsiveness-related experiences were observed in
75% of the interview reports. However, there were only two reports from LOR2 in
the propofol group, and only one was an unresponsiveness report. Most of the reports
included dream experiences but the memory incorporation seemed to be less
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common than after LOR1. The effect of the preceding steps with escalating
anesthetic dose was minimized in the LOR2 interviews and the state seemed to be
quite similar to LOR1.

Finally, the drug concentration was increased to 1.5-fold to achieve the LOC
state. The measured plasma concentration of dexmedetomidine was somewhat
higher than the dose typically used in intensive care units for sedation and the
concentration of propofol was slightly lower than in surgical general anesthesia
(Nimmo et al., 2019; Weerink et al., 2017). The N400 component and effect were
similar in LOR1, LOR2, and LOC states in the dexmedetomidine group, which could
suggest that the LOC state might rather represent a deeper loss of responsiveness
than the true loss of consciousness. Since almost all the participants had experiences
during unresponsiveness, the dosing protocol of the present study may not have led
to sufficiently deep anesthetized states to cover all the phases of losing consciousness
described in Section 2.2.6. At the same time, there were participants who were
unconscious based on their interview reports already in LOR1 and LOR2. Like in
LORI and LOR?2, the unresponsiveness reports were the most common report type
in LOC and the reports contained mostly both dreaming and memory incorporation,
although the reports from LOC were collected after a higher drug concentration and
following a different awakening procedure than in the case of the LOR1 and LOR2
states. The memory test results did not differ between LOR1, LOR2, and LOC. It
therefore remains unresolved whether the experimental LOC state was different from
the LOR1 and LOR?2 states and whether the higher drug concentration affected the
rates of connectedness and consciousness.

The Hierarchical Framework of Experiences presented in Section 2.2.6 describes
the loss of consciousness as a sequence of losing responsiveness, connectedness, and
consciousness. However, the order of the states may be different, and a person may
become unconscious without going through the intermediate phases of being
unresponsive and conscious. Also, the timeframe of the different states is currently
unknown and may vary. The effects of vigilance and natural sleep while under
exposure to anesthetics most likely complicate the picture. As the general anesthesia
is characterized by dynamically varying dominant network patterns (Li et al., 2019;
Vlisides et al., 2019), it is possible that also the presence of consciousness and
connectedness fluctuates during anesthesia. Individual characteristics may modify
the effect of anesthetics on the state of consciousness due to, for example, differences
in drug metabolism or dream frequency (Section 6.6).

Voluntary control may be an important aspect that is not included in the
Framework, since the detection of responsiveness is also dependent on the
willingness to respond. For example, the patients who are able to communicate with
the help of brain imaging only represent a subset of those with a miscategorized
disorder of consciousness (Naci et al., 2017), which highlights the need for different
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tasks and the combination of stimulus-dependent and stimulus-free designs when
studying the consciousness.

The results of the current study highlight the difficulty of defining the state of
consciousness of an unresponsive person based on unified criteria. If observed
responsiveness had been sufficient to define the state of consciousness, there would
not have been between-subject variability in the types of subjective reports,
recognition performance, stimulus-related EEG, or brain connectivity within the
experimental states. Also, if the drug concentration directly correlated with the state
of consciousness, the differences between the LOR and LOC states would have been
more prominent. This is in line with Bayne and Howhy (2016) who suggested that
different states are overlapping regions within a multidimensional space of
consciousness.

6.2 Prefrontal-frontal alpha connectivit
differentiates experimental states (Study )

Connectivity between or within brain regions has previously shown potential in
indexing impaired communication in different anesthetized and other altered states
of consciousness (Hudetz and Mashour, 2016; Laureys and Schiff, 2012; Massimini
et al., 2005). Especially the loss of anterior-posterior functional connectivity, which
may reflect thalamo-cortical and/or cortico-cortical changes, has long been
considered as a promising correlate of anesthetic-induced unresponsiveness or
unconsciousness (Hudetz and Mashour, 2016). However, the roles of connectivity in
subcortical brain structures (Mhuircheartaigh et al., 2010), posterior cortical areas
(Koch et al., 2016), and anterior cortical areas (Guldenmund et al., 2016) have also
been highlighted. The decrease of frontal-to-parietal EEG connectivity has been
observed to correlate with anesthetic-induced decreases in the functional
connectivity of the anterior default mode network and thalamo-cortical networks
measured with fMRI (Jordan et al., 2013; Ranft et al., 2016). However, the
comparisons of different studies are complicated by methodological differences
related to measuring functional, directed, or effective connectivity with fMRI or
EEG, limiting the analysis to the sensors, specific cortical or subcortical regions or
networks of interest, and the differences in controlling and distinguishing drug- and
state-related effects. Most of the previous studies on connectivity have been
confounded by the simultaneous changes in the drug concentration and the state.
This has typically been accompanied by the use of fixed group-level dosing or
anesthetic doses similar to surgical anesthesia, whereas the present study was based
on the individually titrated dosing with small increments until a minimally
unresponsive state was achieved.
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In Study I, the responsive and unresponsive states associated with a constant
dexmedetomidine or propofol concentration could not be differentiated based on
anterior-posterior coherence, wPLI, or dPLI in the alpha frequency band. In addition,
the functional connectivity measured with coherence and wPLI did not show a
consistent dose-related trend across the states with different anesthetic
concentrations. This is in contrast to a wide range of fMRI, EEG, and MEG data
with different anesthetic agents suggesting that the disruption of long-distance
anterior-posterior feedback connectivity of the waking state could be a key
mechanism of anesthetic-induced unresponsiveness (Blain-Moraes et al., 2014; Boly
et al.,, 2012; Jordan et al.,, 2013; Ku et al., 2011; Lee et al, 2013b;
Muthukumaraswamy et al., 2015; Ranft et al., 2016; Schréter et al., 2012;
Untergehrer et al., 2014; Vlisides et al., 2017). The results of the Study I suggest that
anterior-posterior functional connectivity measured in the alpha frequency band does
not have a critical role in separating responsive and unresponsive states, but the
anterior-posterior changes may reflect the concentration of the anesthetics instead of
the state. These results are supported by a previous study where the emergence from
surgical anesthesia did not correlate with the fronto-parietal functional connectivity
in the alpha band measured with wPLI (Zierau et al., 2021) and by other studies
where the fronto-parietal alpha connectivity failed to distinguish the anesthetized
states (Li et al., 2019; Vlisides et al., 2019). The current results are also in line with
a recent rodent study demonstrating that the anterior-posterior connectivity remains
suppressed despite pharmacologically induced wakefulness, which suggests that the
anterior-posterior connectivity is linked to the presence of the anesthetic in the brain
and not to the behavioral state (Pal et al., 2020). The fronto-parietal EEG
connectivity correlates with thalamo-cortical fMRI connectivity (Ranft et al., 2016)
and, interestingly, the loss of responsiveness has induced changes in subcortical
connections but thalamo-cortical connections have been preserved despite
unresponsiveness in some studies (Mhuircheartaigh et al., 2010; Sanders et al.,
2012).

However, the association of the anterior-posterior connectivity with the state of
consciousness cannot be completely ruled out even in the alpha band since, in Study
I, the net connectivity turned to posterior-to-anterior direction upon the concentration
increase inducing the LOC state. The state of consciousness in the LOC state could
not be confirmed from immediate reports (Section 6.5) but it likely did not represent
unconsciousness in all of the participants. The anterior-posterior connectivity should
be further studied contrasting unconsciousness with disconnected and connected
consciousness.

Instead, the prefrontal-frontal functional and directed connectivity differentiated
unresponsiveness from responsiveness during the continuous anesthetic infusion in
Study I. The direction of the prefrontal-frontal connectivity reversed upon
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unresponsiveness and returned to a level comparable with the preceding responsive
states upon the recovery of responsiveness despite the constant infusion of
dexmedetomidine or propofol. This indicates that the changes in the prefrontal-
frontal connectivity were rather related to the state and not to the drug concentration.
Also the states with different anesthetic concentrations could be separated based on
the prefrontal-frontal connectivity and the connectivity values showed a solid
association with the drug concentration. Thus, the ability of the prefrontal-frontal
connectivity to reflect the state of the individual may also extend to higher doses and
a threshold value for unconsciousness might exist. Since the state- and drug-related
effects have been intertwined in the previous studies, it has been challenging to
separate the correlates of responsiveness, consciousness, and the overall drug effect.
In Study I, the differences between the LOR and LORjy. epochs showed that the
relatively long unresponsive period during LOR1 state was not completely stable but
the connectivity values shifted towards the values of the LOC state despite the
pseudo-steady-state infusion.

The results of Study I highlight the anterior alpha connectivity as a correlate of
responsiveness and are in line with other studies (Banks et al., 2020; Lee et al.,
2017a; Pullon et al., 2022). Although the brain activity measured in terms of cerebral
blood flow is affected already before the loss of responsiveness, for example, in the
frontal cortical areas (Scheinin et al., 2021), the sensor-space renderings of
connectivity that stem from cortico-cortical and/or thalamo-cortical connectivity can
differentiate behaviorally different states. Thus, the EEG, especially when measured
at the anterior sites, is a method suitable for measuring the anesthetized states.
Different theories of consciousness deeply disagree as to the role of the prefrontal
cortex in the neural correlates of consciousness. The posterior hot zone model,
stemming from the Information Integration Theory, excludes the frontal cortex from
the neural correlates of consciousness entirely, whereas in the Global Neuronal
Workspace Theory, frontal areas are necessarily involved in the global neuronal
workspace of consciousness (Dehaene and Changeux, 2011; Koch et al., 2016;
Ihalainen et al., 2021; Mashour et al., 2020; Siclari et al., 2017). The present study
supports the importance of the prefrontal cortex for consciousness (Mashour et al.,
2022), or at least its role as an important site for measuring changes related to
consciousness. However, the dynamic connectivity patterns reported during the
maintenance phase of anesthesia suggest that the frontal alpha connectivity alone
may be insufficient to reliably differentiate the anesthetized states (Li et al., 2019;
Vlisides et al., 2019).

Study I is the first report of directed connectivity in dexmedetomidine anesthesia.
The reversal of the anterior net connectivity to the frontal-to-prefrontal direction
during unresponsiveness has also been shown in other studies with propofol (Chen
et al., 2022; Lee et al., 2017a). Dexmedetomidine is not known for frontal alpha
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hypersynchrony, unlike propofol (Ching et al., 2010; Guldenmund et al., 2016; Liu
et al., 2017a; Supp et al., 2011; Vijayan et al.,, 2013). Although both
dexmedetomidine and propofol induce increase in the power of the frontal alpha
band, propofol induces several fold higher spectral power of the frontal alpha band
than dexmedetomidine (Akeju et al., 2014a; Scheinin et al., 2018). Also, the phase-
amplitude coupling of the alpha and delta bands is different with dexmedetomidine
and propofol (Scheinin et al., 2018). Nevertheless, the observed changes in
connectivity were relatively similar in both treatment groups. The results are further
supported by a previous study with ketamine that does not induce spectral power in
the alpha frequency band but shows suppression of prefrontal-to-frontal dPLI in the
alpha band (Vlisides et al., 2017). When combined with the previous studies, the
results of Study I show the potential of measuring connectivity between anterior
channels as an agent-independent marker of unresponsiveness.

The results of Study I align with the previous studies which have shown that
connectivity is confined to the structurally connected brain areas (Demertzi et al.,
2019; Ma et al., 2019; Schroéter et al., 2012; Uhrig et al., 2018) or the communication
between different parts of the brain is simplified during anesthetic-induced
unresponsiveness (Golkowski et al., 2019; Vlisides et al., 2019). The results are also
consistent with the study where the phase relationships between anterior channels
became more stereotyped during unresponsiveness (Lee et al., 2017a). This is also
supported by an fMRI study showing the topological reconfiguration of functional
connectivity towards locally segregated networks during anesthetic-induced
unresponsiveness (Schroter et al., 2012). The results of Study I are well in line with
the study of Banks and co-workers (2020) where the authors found that N2 and N3
sleep and propofol-induced unresponsiveness induce a shift of the dominant
functional connections in alpha band from the temporal cortex to the prefrontal
cortex. In their study, the connectivity centered in the local areas in unresponsive
states. Sleep and anesthesia showed similar changes of connectivity in the prefrontal
alpha band but only propofol increased the alpha power. Combined with the results
of Study I where prefrontal-frontal alpha connectivity differentiated states also with
dexmedetomidine, the two studies suggest that the increased local anterior alpha
connectivity might be a correlate of unresponsiveness irrespective of the way the
altered state has been induced.

Dexmedetomidine and propofol are known to increase the local coherence within
the anterior area (Akeju et al., 2014a, 2016a; Purdon et al., 2013). In Study I, two
different methods for estimating functional connectivity were applied. Although
prefrontal-frontal coherence displayed a higher prediction probability than wPLI for
the differentiation of the states with increasing drug concentrations (0.83 vs. 0.76),
coherence could not separate the LOR and ROR states at a statistically significant
level (P=0.065). It seems that calculating the more complex phase synchronization
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indices that ignore the zero-lag false positives provides advantages over the
relatively simple coherence. All the connectivity measures of this study (coherence,
wPLI, and dPLI) distinguished the states of increasing dexmedetomidine
concentration better than the anterior alpha power, which suggests that connectivity
can provide treatment-independent information more effectively than the mere
power in the alpha band. This is in line with previous studies where the connectivity
and spectral content have provided complementary information (Banks et al., 2020;
Sattin et al., 2021; Vlisides et al., 2017).

In the present study, the connectivity analyses were focused on the alpha
frequency band. The frontal alpha power has been suggested as a promising marker
of anesthetic-induced unconsciousness during propofol anesthesia (Purdon et al.,
2013; Scheinin et al., 2018) but it cannot distinguish responsive and unresponsive
sedated patients at the single-patient level (Banks et al., 2020; Gaskell et al., 2017).
The prefrontal-frontal alpha connectivity is a more robust measure than many other
EEG-based measures yet it also undergoes dynamic changes during the maintenance
of general anesthesia in adults (Puglia et al., 2022; Vlisides et al., 2019). Although
the alpha band has been found to be the most prominent frequency band in terms of
connectivity in many studies, also other views have been published highlighting, for
example, the low frequencies (Bourdillon et al., 2020). In Study I, the focus on the
alpha band was chosen based on the previous studies on anesthetic-related changes
in connectivity (Banks et al., 2020; Blain-Moraes et al., 2014; Chennu et al., 2016;
Kim et al., 2016; Lee et al., 2013a; Supp et al., 2011; Vlisides et al., 2017) and the
studies where both dexmedetomidine and propofol have induced increases in the
alpha band despite their different molecular mechanisms (Akeju et al., 2014a;
Scheinin et al., 2018). Most of the overall wPLI changes between 0 and 30 Hz
occurred in the alpha frequency range of 8-14 Hz in Study I. The EEG-based
connectivity at the lower frequencies (<30 Hz) and especially in the alpha band has
previously been shown to correlate with the fMRI resting-state connectivity
(Deligianni et al., 2014; Scheeringa et al., 2012). Also, the EEG connectivity in the
alpha band correlates with brain glucose metabolism detected with PET (Chennu et
al., 2017). Many of the changes in EEG connectivity and spectral power co-occur in
the same frequency band, as seen in Study I and previous reports (Lee et al., 2017a;
Vlisides et al., 2017) yet Study I demonstrated that connectivity can still provide
added value. While the alpha band was targeted in the Study I, studies in the other
frequency bands and using other neural recording modalities or analytic techniques
could yield different results. Future studies should explore the association of the state
of consciousness with within-anterior and anterior-posterior connectivity also in
frequency bands other than alpha.

The mechanisms underlying the observed changes in connectivity are not yet
completely clear. The anterior hypersynchrony has been suggested to block long-
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range anterior-posterior cortical communication (Supp et al., 2011; Vlisides et al.,
2019). The simultaneous anterior simplification of oscillatory communication and
the loss of global network efficiency at the time scale of tens of seconds may
contribute to the loss of responsiveness (Pullon et al., 2022). The frontal cortical and
medial thalamic within-network connectivity have been suggested to play a part in
the loss of between-network connection (Golkowski et al., 2019). Also, the loss of
information content within the frontal area co-occurs with the reduction of thalamo-
cortical connectivity during sevoflurane administration (Ranft et al., 2016). The loss
of connectivity between the frontal and parietal cortices, and the disconnection of
the fronto-parietal network from the primary sensory cortices have been of interest
as potential mechanisms of the loss of responsiveness: there is a loss of connectivity
within the frontal-parietal network but the loss of stimulus processing is rather
caused by the disruption of communication between sensory and fronto-parietal
networks (Naci et al., 2018). In the present study, the anterior-posterior alpha dPLI
decreased along with increasing dosing, indicating that the posterior-to-anterior flow
of information becomes dominant during propofol anesthesia, but this was unrelated
to responsiveness.

To summarize, the results of the Study I show that measuring alpha band
connectivity in the anterior EEG channels has potential for the monitoring of
anesthetized states. The EEG-derived functional and directed connectivity within the
anterior channels differentiated the experimental states defined by responsiveness
and drug concentration in both dexmedetomidine and propofol groups. This
observation may be clinically useful since the frontal electrodes can be easily
accessed in the operating theater. The findings are further corroborated by the
previous reports showing that the frontal alpha connectivity can also differentiate
states of consciousness in conditions that are not associated with increases in the
spectral power of the alpha band, such as ketamine anesthesia and natural sleep.

6.3 Semantic processing during anesthetic-
induced unresponsiveness and N400 as its
indicator (Studies Il and V)

In Studies II and IV, semantic processing was measured with N400 ERP as a
response to spoken sentences. The N400 was studied during anesthetic-induced
unresponsiveness, and the performance of different methods for the analysis of N400
at single-subject level were explored. Semantic processing is an essential cognitive
ability in the normal, awake state and its importance is well acknowledged in
disorders of consciousness where the neural correlates of speech comprehension are
associated with a positive prognosis in uncommunicative patients (Coleman et al.,
2009; Rohaut et al., 2015; Sokoliuk et al., 2021a; Steppacher et al., 2013). If the
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understanding of meaning is preserved in a behaviorally unresponsive person, it is
possible that also other kinds of information are processed beyond the primary
sensory processing, or the individual is in a state that does not completely differ from
normal wakefulness. Also, the information on the processing of semantic
information may help in constructing better brain-computer interfaces for decoding
covert speech production in unresponsive individuals (Moon et al., 2022).

The N400 component is typically induced by all words of a sentence but its
amplitude decreases gradually towards the end of the sentence when the context
narrows word by word (Kutas and Hillyard, 1984). In the awake state, the
semantically or associatively unexpected stimuli, such as the sentence endings that
do not match the context, elicit higher N400 component than the expected stimuli.
The N400 effect is observed between the ERP components in response to congruent
and incongruent stimuli. In Study II, the N400 effect was absent in all unresponsive
states (LOR1, LOR2, LOC) in the dexmedetomidine group, which suggests that the
normal understanding of meaning is lost at dexmedetomidine doses minimally
sufficient to induce unresponsiveness. However, the N400 component elicited by
incongruent sentence endings was of the same magnitude as in wakefulness and a
component of a similar amplitude was also observed in response to the congruent
last words and to the first words of sentences. Thus, stimulus-dependent processing
in a late time window was detected during dexmedetomidine-induced
unresponsiveness resembling the processing of incongruent words in the awake
state. In wakefulness, the amplitude of N400 component is related to the effort of
retrieving the representation of a semantic stimulus. The loss of N400 effect during
dexmedetomidine administration was caused by the increased amplitude of N400
component elicited by congruent words. One potential explanation for this could be
that dexmedetomidine hampers the contextual connections of the natural language
to a point where all words cause maximal exertion for retrieving the representation
of a word. This might be related to the loss of memory for the sentence beginnings
or to inability to integrate the words into the sentences.

Also in the propofol group, negative voltages were detected in the N40O time
window in LOR1 and LOR2 states in response to different types of stimuli. However,
when the voltages were compared with the respective time window before the
stimulus, no statistically significant N400 component was detected in most of the
comparisons. In addition, the detected components were not consistent across
different stimulus types, and the averaged ERPs showed no distinctive waveform.
Thus, the conclusions regarding N400 in propofol-induced unresponsiveness are
limited. Interestingly, N400 effect was detected in LOR2 where the analysis
encompassed only three participants. Although the same three individuals did not
show a similar effect when analyzed in LOR1, the presence of a true N400 effect in
LOR?2 cannot be excluded. The awakening after LOR1 had a prominent effect on the
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state of most of the propofol participants: although ten individuals woke up into
RORI1, only four of them achieved the unresponsive state again without an increase
in the drug dose. Thus, the awakening seemed to affect the state of propofol
participants more fundamentally than that of dexmedetomidine participants, and it is
possible that the three persons included in the LOR2 N400 analysis were in a lighter
unresponsive state than in their respective LOR1 and therefore had preserved
semantic processing.

It is known that cortical auditory processing is preserved, although attenuated,
during sedation (Davis et al., 2007; Dueck et al., 2005; Heinke et al., 2004b; Plourde
et al., 2006). Propofol has previously been found to attenuate the auditory brain
responses more than dexmedetomidine (Banks et al., 2018; Frolich et al., 2017). The
processing of word stimuli is preserved in propofol sedation (Adapa et al., 2014;
Davis et al., 2007; Ni Mhuircheartaigh et al., 2013; Plourde et al., 2006) and also
after the loss of responsiveness (Davis et al., 2007; Ni Mhuircheartaigh et al., 2013),
but differentiation of ambiguous and unambiguous sentences is lost already at light
sedation characterized by slowed conversational response (Davis et al., 2007).
Propofol-induced unresponsiveness has also been shown to degrade the connections
between the sensory and higher-order networks when listening to verbal stimuli (Liu
etal., 2012; Naci et al., 2018). Despite these converging results with propofol, little
is known about semantic processing under exposure to dexmedetomidine. Study 11
is the first study to examine semantic processing using the N400 event-related
potential in anesthetic-induced unresponsiveness, which is interesting since N400 is
a more sensitive method for studying semantic relations than fMRI (Geukes et al.,
2013). Previously, N400 has only been measured in combination with anesthetic
drugs in an alert and active state during ketamine administration that caused the
degradation of the N400 repetition effect (Grunwald et al., 1999). The
dexmedetomidine results of Study II are in line with the previous information about
propofol-induced unresponsive state suggesting preserved processing of words but
loss of functional differentiation of meaning.

During wakefulness, language processing can be detected as a sequential
activation in broad temporo-frontal network (Heinke et al., 2004b). The major brain
areas that have been associated with the generation of N400 are the (left) superior
and middle temporal areas, anterior temporal cortex and inferior frontal cortex (Lau
etal., 2008; Van Petten and Luka, 2006; Zhu et al., 2019). The previous fMRI results
suggest that the activation of the superior and middle temporal gyri in response to
sentence stimuli is preserved under exposure to propofol (Davis et al., 2007; Heinke
et al., 2004b). Instead, the activation of the inferior frontal gyrus in response to
speech is degraded by propofol even at doses lower than those needed to induce
unresponsiveness (Adapa et al., 2014; Davis et al., 2007; Heinke et al., 2004b; Liu
et al., 2012). As these are the main brain structures related to N400, the results of
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Study II align with the previous anesthesia literature also in terms of the brain areas
responsible for semantic processing. However, temporal activation elicited by
semantic stimuli has been shown to disappear in deep general anesthesia (Heinke et
al., 2004Db).

Although the results of Study II seem to converge well with the previous
anesthesia studies, it is possible that the ERP measured in the time window 300-600
ms post-stimulus is not associated with the same processes during wakefulness and
during anesthesia. Typically, studies on ERP components are interpreted in the
context of observations from the paradigm that is known to produce a certain
component. Because the N400 has not been previously studied during drug-induced
unresponsiveness, the interpretation of the current findings largely relies on the
knowledge from awake subjects reported during the past 40 years, and on other
unresponsive states, such as sleep or disorders of consciousness where N400 effect
has been detected (Beukema et al., 2016; Daltrozzo et al., 2012b; Ibafez et al., 2006;
Kotchoubey et al., 2005; Rohaut et al., 2015). At this point, there are no convincing
alternative explanations for the indisputable event-related component observed 300—
600 ms post-stimulus in dexmedetomidine-induced unresponsiveness in Study II.
The latency and the centroparietal topography of the ERP component detected during
unresponsiveness matches the N400 component in awake state. Thus, interpreting
the ERP component observed during sedation as N400 is the simplest option.
However, the nature of the processing associated with the N400 during anesthesia
cannot be fully validated using the data from the current study, and future studies
should examine the N400 at different depths of sedation. The N400 observed during
drug-induced unresponsiveness may not be fully analogous with the N400 observed
in wakefulness.

If the detected ERP component is accepted as the N400 component, another
question remains: whether N400 reflects processes necessary or relevant for
consciousness. The association of N400 with both automatic and controlled
processing has been suggested with contradicting results from the experiments where
the stimuli have been masked or degraded, and where the perception of the stimuli
has been distracted with a competing task. Taken together, the previous studies
suggest that both the automatic and integrative processes participate in the generation
of N400 (Nieuwland et al., 2020; Rabovsky et al., 2018) or at least the automatic
processing responsible for N400 is strengthened by top-down controlled processes
(Kiefer and Martens, 2010). Higher-order processes have a greater role in the N400
induced by sentence stimuli compared with less complicated stimulus types
(Daltrozzo et al., 2012a; Hagoort et al., 2004; Mongelli et al., 2019). Accordingly,
the N400 effect is strengthened by directed attention (Erlbeck et al., 2014; Holcomb,
1988) and active task (Cruse et al., 2014; Erlbeck et al., 2014). In Studies Il and IV,
both the active responding and the passive listening conditions were measured at
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wakefulness to examine the effect of responding on the N400. As expected, the N400
effect was detected in fewer individuals in the passive than in the active task in Study
IV. In the passive condition, the variation between different analysis methods was
also higher and the size of N400 effect was smaller than in the active condition. The
preservation of directed attention was promoted during the anesthesia experiment
(Study II) by instructing the participants to always respond to the stimuli, yet bottom-
up, stimulus-driven attention may be more likely than top-down attention during
unresponsiveness. Spoken stimuli naturally attract the attention and they therefore
constitute the ideal type of stimulation for studying the unresponsive states (Naci et
al., 2017).

When evaluating the applicability of N400 as an index for consciousness, the
technical performance of the measurement has a critical role. This was studied at the
level of individual participants in the Study IV. The choice of analysis method had a
substantial effect on the detection rate of the N400 effect that varied between 16—
76% and 9-76% in the active and passive task paradigm, respectively. The N400
effect could not be detected with any of the five methods in 8/79 participants in the
active and 10/79 participants in the passive paradigm although they understood the
sentences as indicated by the correct responses in the active baseline. This poses a
critical problem of measuring N400 at the level of single individuals, which is a
shared limitation of all cognitive ERPs (Connolly and D’ Arcy, 2000). Different ERP
amplitudes and waveforms across individuals may be caused, for example, by
anatomical differences (Luck et al., 2011) or by differences in cognitive factors, like
the overall vigilance, motivation, and attention. As the findings of Study I'V converge
with the results of the previous studies and N400 effect cannot be detected in all
healthy individuals (Cruse et al., 2014; Daltrozzo et al., 2009; Hinterberger et al.,
2005; Kotchoubey, 2005; Rohaut et al., 2015; Sculthorpe-Petley et al., 2015), the
presence of N400 can show the preservation of semantic processing at the single-
subject level but the lack of N400 is not informative. Nevertheless, the clinical utility
of complex cognitive ERPs cannot be abandoned as they provide an easily accessible
method for studying multiple cognitive functions in unresponsive patients
(Bekinschtein et al., 2009; Connolly and D’Arcy, 2000; Rohaut et al., 2015;
Steppacher et al., 2013). In addition, N400 has shown promise in machine learning
based classification paradigms and brain-computer interfaces (Dijkstra et al., 2019,
2020; Sculthorpe-Petley et al., 2015).

The studies on the N400 highlight the signal-to-noise ratio of an ERP as a
limiting factor because the signal strength greatly varies across individuals (Dijkstra
et al., 2020). The variance between trials within a participant is wider in the case of
a late ERP component compared with early automatic ERP components (Sculthorpe-
Petley et al., 2015). The EEG recorded in unresponsive conditions typically differs
from the EEG in wakefulness. Spectral analysis of the anesthesia experiment
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indicated that dexmedetomidine and propofol increase the delta (1-4 Hz) and slow
delta (0.1-1 Hz) power also in the centroparietal area compared to the awake
baseline (Scheinin et al., 2018). Especially propofol also induces an increase in the
power of alpha oscillations (8—14 Hz), which likely contributes to the high variation
of averaged ERP signal and the lack of consistent N400 waveform in the propofol
group, limiting the ability to draw conclusions on the N400 during propofol-induced
unresponsiveness. While comparing the time window of the N400 component (300—
600 ms) with the corresponding pre-stimulus baseline (from —600 to —300 ms) can
control for any drug-induced increase in the power of non-synchronized oscillations,
it is difficult to dissect the roles of non-specific drug-induced delta and its
synchronization. Although the precise roles of increased neural activation and phase
synchronization in ERP formation have not been resolved (Fell et al., 2004;
Telenczuk et al., 2010; Xu et al., 2016), the N400 indeed arises at least partly from
the synchronization of neuronal activity in the delta frequency band (Fell et al.,
2004).

During anesthesia, all three types of stimuli (first words, and congruent and
incongruent last words) elicited an N400 component that resembled the N400
component associated with incongruent last words in the awake state in Study II.
The dexmedetomidine-induced strong delta cannot be ruled out as the underlying
cause of the increased amplitude of the N400 component in the dexmedetomidine
group. However, such an increase in the amplitude of the N400 component has not
been reported during natural sleep or disorders of consciousness, even though the
N400 has been observed in these conditions and they are also associated with an
increase in the delta power. The N400 effect has been observed during sleep although
mostly with a diminished amplitude, or in a partial or delayed form (Brualla et al.,
1998; Daltrozzo et al., 2012b; Ibafiez et al., 2006; Perrin et al., 2002), and in patients
with disorders of consciousness (Balconi and Arangio, 2015; Beukema et al., 2016;
Daltrozzo et al., 2009; Hinterberger et al., 2005; Kotchoubey, 2005; Kotchoubey et
al., 2005; Schoenle and Witzke, 2004). In the disorders of consciousness, the
presence of N400 is a positive prognostic marker of the recovery to the
communicative state (Rohaut et al., 2015; Steppacher et al., 2013). In the present
study, the increase in the amplitude of N400 only occurred in the cases of the first
and congruent last words of the sentences whereas the amplitude of the N400
component elicited by incongruent last words showed no difference between the
baseline and LOR. Therefore, the increase in the amplitude of the N400 component
does not seem to be a completely unspecific phenomenon caused by, for example,
the changes in spectral power induced by dexmedetomidine. Dexmedetomidine and
propofol both induce a similar increase in the power of the delta frequency band in
the central and posterior channels (Scheinin et al., 2018). Therefore, if the N400
arose solely from stimulus-locked phase resetting of the background delta activity,
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differences in the N400 components between the drugs would suggest a difference
in stimulus-locked phase resetting. However, the current data do not allow such a
comparison due to the inconclusive N400 results in the propofol group.

In general, Study IV highlights an important issue often ignored in studies of
ERPs or any other brain-related phenomena: the choice of the analysis method has a
huge impact on the results, especially if the phenomenon needs to be studied
separately in each individual. Large differences between analysis methods have
previously been demonstrated in the case of MMN (Gabriel et al., 2016). Different
methods utilize the different dimensions of the data to varying extents and there are
several analysis options even with as simple measurements as ERPs. Among the
methods of Study IV, visual inspection only employed average ERPs over trials,
ANOVA utilized amplitude averages over sample points, and the cluster-based
nonparametric mapping, t-CWT, and Bayesian regression took into account more
aspects of the data, such as the interactions between neighboring channels, variation
between independent trials, or background EEG.

The focus of Study IV was in methods readily available for use and applying
these methods as implemented in published packages. Even within each method, the
choices made affected the results: requiring the agreement of two out of three
reviewers in the visual inspection or changing the channel selection of ANOVA
would likely have slightly changed the results. However, the aim was to use the
conventional or recommended parameters that are typically applied in conjunction
with each method to enable comparisons with previous single-subject studies. This
way, the results achieved with the different methods in Study IV may not be as
comparable as possible but they rather represent the true differences between studies
encountered in the literature.

When the quantitative and qualitative properties of the data were analyzed to
explore the differences of the analysis methods used in the Study IV, the results
revealed few associations. The quantitative properties did not explain the differences
between the analysis methods and the amplitude of the N400 effect was the only
quantitative property that was associated with the detection of the effect. The results
of the qualitative comparison reflect the properties of the different methods: for
example, the visual inspection and cluster-method were powerful in detecting early
effects and sensitive to problems in the quality of the signal. The Bayesian regression
detected also weak and short effects and was tolerant of noise.

There is no firm yardstick or specific criteria for what constitutes an N400 or any
ERP component in general. Thus, there is no watertight definition of N400 and a
specific ERP component is operationalized by the method used in empirical studies.
Thus, it is impossible to know whether the N400 effect should be detected in each
individual in Study IV despite the correct responding — a problem that does not exist
in simulated EEG. Several publications utilizing simulated data and comparing

120



Discussion

different analysis methods have been previously published (Groppe et al., 2011; Real
et al., 2014), although these studies have not examined N400 component. The aim
of Study IV was to use naturalistic EEG from a large sample of healthy individuals
and analyze it with easily accessible and commonly used analysis methods. Thus,
adding a simulated dataset with several parameter modifications was beyond the
scope of Study IV, and would deserve a separate study. Finding the best analysis
method with the optimal sensitivity and specificity is not straightforward and was
not achieved in this study. One method alone is likely insufficient to make informed
clinical decisions on the presence or absence of an ERP component.

Taken together, the results regarding the N400 in the Study II reveal interesting
information on the semantic processing in the unresponsive state, yet the Study IV
shows the difficulties related to the use of complex cognitive ERPs in unresponsive
patients.

6.4 The memory traces related to sentences and
emotional stimuli (Studies I1-Ill)

Memory is an important factor affecting the measurement of the anesthetized state.
Amnesia is one of the targets of general anesthesia and intraoperative awareness is
measured with self-reports of postoperative recall. Different anesthetics affect
distinct phases of memory formation and retrieval. Dexmedetomidine has been
shown to cause a dose-dependent decrease in memory encoding while the retrieval
is relatively well preserved (Hayama et al., 2012; Pryor et al., 2010). Instead, the
amnestic effects of propofol sedation are more strongly associated with problems in
retrieval (Pryor et al., 2010; Veselis et al., 1992, 2004). At low sedative doses of
dexmedetomidine, long-term memory for emotionally negatively arousing stimuli is
preserved better than for neutral stimuli, that is, the preferential memory for
emotional stimuli seen in wakefulness is preserved despite dexmedetomidine
(Hayama et al., 2012). The response of the amygdala to emotional stimuli during
dexmedetomidine sedation resembles the activation in the placebo group (Hayama
et al., 2012). Propofol also leaves the response of the amygdala to emotionally
arousing stimuli unaffected but it may degrade the memory for emotional stimuli
more than the memory for neutral ones (Pryor et al., 2015).

The recognition memory for the sentences was disrupted by dexmedetomidine
and propofol in Study II. The time from response cue to response did not indicate
any difference between novel and familiar sentence stimuli, further suggesting that
the sentences heard during unresponsiveness were not remembered. This is in line
with a previous study that demonstrated that the speech-specific neural activity can
occur in propofol anesthesia without subsequent memory traces (Davis et al., 2007).
A conservative response bias was observed, meaning that a high degree of familiarity

121



Roosa Kallionpaa

was needed for familiar-responses in Study II. The sentences included in the
responsiveness test were recognized above chance level but less frequently than the
sentences presented in the awake experiment. This suggests that responsive sedation
impaired but did not preclude explicit memory for the semantic stimuli with either
of the two drugs. However, the precise timing of the memory trace and the effect of
repetition cannot be distinguished in the Study II, since the sentences of the
responsiveness test were heard multiple times in responsive and unresponsive
sedation. The findings are in line with a previous study showing enhanced memory
for repeated stimuli heard during anesthesia (Block et al., 1991). However, another
study found no differences between repeated and non-repeated stimuli (Bonebakker
et al., 1996).

The results of the recognition tests of sentences and emotional sounds in the
Studies II and III are particularly interesting when contrasted with each other. In the
interviews of Study III, none of the participants reported having heard the emotional
sounds during the unresponsiveness. The participants had not been informed about
the emotional sounds before the experiment. In contrast to the sentence recognition
results, the participants in the dexmedetomidine group indicated the previously heard
emotional stimuli as familiar more often than novel sounds and their performance in
the task was better than that of the participants in the propofol group. This could
reflect explicit memory for the emotional stimuli in the dexmedetomidine group. The
result is in line with the previous studies where the preferential memory trace for
emotional stimuli is preserved in dexmedetomidine but not in propofol sedation
(Hayama et al., 2012; Pryor et al., 2015). The reaction times in response to the
previously heard emotional stimuli were shorter than in response to the novel stimuli
without any treatment- or state-specific effects. As posttraumatic effects are possible
without explicit recall of intraoperative awareness, the amnestic effects of
anesthetics on emotional stimuli are of special interest (Wang et al., 2012; Whitlock
etal., 2015).

The yes/no recognition task to test familiarity (know response) was used, but
recollection (remember response) could not be excluded with the task instructions of
Studies II and III. Familiarity and recollection both contribute to the yes/no
recognition test (Bayley et al., 2008; Khoe et al., 2000). The methods used in the
current study do not allow the differentiation of the two types of recognition memory
and thus cannot inform the controversy over the differential effects of
dexmedetomidine on the familiarity and recollection processes (Hayama et al., 2012;
Veselis et al., 2009).

Implicit learning of verbal stimuli presented during general anesthesia has been
previously reported (Deeprose et al., 2004; Iselin-Chaves et al., 2005; Linassi et al.,
2021; Lubke et al., 1999). In Study II, the reaction times confirmed the impairment
of the memory for sentences. Instead, the responses to the familiar emotional stimuli
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of Study III were faster than to novel stimuli in both dexmedetomidine and propofol
groups, which can be related to implicit learning. The current study design was not
optimal for the testing of implicit sentence or sound recognition since the participants
were not instructed to respond as quickly as possible, and the reaction times therefore
need to be interpreted with caution. Also, the recognition test was performed shortly
after the recovery of responsiveness, and the residual anesthetic concentrations may
have affected the results (Andrade, 1995; Hall et al., 2000; Veselis et al., 1997).

Different types of memory are also related to the immediate processing of
semantic stimuli during unresponsive states. In awake participants, N400 ERP has
been suggested to reflect the process of retrieving the representation of a semantic
stimulus from semantic memory in a process that is facilitated by the context (Lau
et al., 2008). N400 has been associated with the capacity of working memory for
speech (Daltrozzo et al., 2012b) and with the implicit learning (Rabovsky et al.,
2018) and thus the loss of N400 effect in the Study II may be related to the known
effects of dexmedetomidine on memory encoding. The N400 component elicited by
incongruent words during unresponsiveness was at a level comparable to the awake
state and the loss of N400 effect was caused by the increased negativity of the N400
component in response to the congruent stimuli in the dexmedetomidine group.
Assuming that the ERP component represents the same phenomenon under exposure
to anesthetics as in the awake state, it is possible that the words are not integrated
into the context, or the semantic activity generated by the preceding words (the
context) had already faded away when the final word of the sentence was presented.
A similar mechanism of the fast decay of the memory trace may be present in some
patients with memory deficits (Revonsuo et al., 1998). The impairment of memory
could cause all the words to evoke maximal effort related to semantic processing.

The memory effects of anesthetics are an integral part of the reporting of
subjective experiences from the unresponsive period. The interviews need to be
performed as soon as possible after anesthesia similarly to dream research, but the
residual anesthetics may also affect the reported experiences. The memory effects
related to the reported experiences are further discussed in the next section (Section
6.5).

6.5 Experiences reported after unresponsiveness
(Study IlI)

In Study III, disconnected experiences were common during the anesthetic-induced
unresponsiveness. The reports associated with experiences from the unresponsive
period constituted 90% and 74% of the successful interviews among participants
receiving dexmedetomidine and propofol, respectively. Dreaming was present in
most of the reports, and it was more common in the dexmedetomidine group (86%
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in the dexmedetomidine and 77% in the propofol group). These proportions are much
higher than in studies with immediate interviews after general anesthesia related to
surgery (Brandner et al., 1997; Chen et al., 2021; Errando et al., 2008; Kim et al.,
2011; Leslie et al., 2007, 2009; Yoshida et al., 2021) and slightly higher than in other
studies with experimental sedation (Noreika et al., 2011; Radek et al., 2021; Valli et
al., submitted). The report frequencies in Study III resemble the incidence of reports
of experiences after natural sleep (Nielsen, 2000; Valli et al., submitted). In this
study, a thorough interview protocol was used, the participants were carefully
instructed about the interview questions in advance, and the interviews were also
performed during the drug infusion in addition to the post-anesthetic interview,
which could contribute to the differences with other studies.

Most of the unresponsiveness reports included experiences from more than one
class of content types: dreaming, memory incorporation, and awareness.
Importantly, the awareness content was always associated with dreaming or memory
incorporation, or both. This highlights the multifaceted nature of the anesthetized
state: connected and disconnected experiences occur and can be remembered from
the same unresponsive period. Thus, the recall of dreaming after anesthesia does not
exclude the possibility of having also had connected experiences during anesthesia.
The awareness reports were always related to periods where brief arousals had been
detected during an otherwise unresponsive state. Thus, the awareness reports likely
originated from arousals that could be detected based on behavioral signs. However,
this is not always the case in general anesthesia consisting of multiple drugs
including neuromuscular blocking agents. Such occasions may cause undetected
intraoperative awareness with harmful psychological symptoms (Ghoneim et al.,
2009; Whitlock et al., 2015). The isolated forearm technique has shown that
postoperative reports of intraoperative awareness likely underestimate the true
frequency of connected experiences during general anesthesia and that the
connectedness is often associated with pain (Lennertz et al., 2023; Sanders et al.,
2017). Awareness reports are rare even when an individual has been responsive
during sedation (Radek et al., 2021). Therefore, EEG-based indices of the depth of
anesthesia are needed to evaluate the presence of connected experiences already
during general anesthesia.

Sanders and co-workers (2012) have suggested that norepinephrine signaling has
an important role in controlling the connectedness during anesthesia. Natural sleep
and alpha-2-agonists like dexmedetomidine suppress norepinephrine signaling,
whereas GABAergic anesthetics like propofol do not. Consequently, GABAergic
anesthesia could be expected to demonstrate more frequent awareness experiences.
However, the awareness reports in Study III were equally likely in the
dexmedetomidine and propofol groups. The N400 component elicited by semantic
stimuli and the preservation of memory traces for emotional sounds were also only
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detected during dexmedetomidine-induced unresponsiveness. Thus, propofol does
not seem to be associated with a higher likelihood of connected consciousness during
unresponsiveness based on Studies II-I1I.

In this study, the memory incorporation of the study environment was
categorized as a separate content type distinct from dreaming and awareness. This
fine-grained analysis allowed separately inspecting the different types of experiences
and prevented the risk of over-interpreting the experiences that might have been
classified as dreaming or awareness in other studies. However, the inclusion of the
third category also complicated drawing conclusions on the anesthetized state as
there were only few reports of pure dreaming or pure memory incorporation. It is
also possible that some of the reports considered as memory incorporation were
actually awareness experiences, which would lead to underestimation of the
frequency of awareness in this study. Memory incorporation occurred in 72% and
88% of the reports in the dexmedetomidine and propofol groups, respectively, which
is on the same scale as the frequency of dreaming. The high frequency of the reports
with memory incorporation may also be related to the thorough interview and the
experimental situation itself that likely was an unusual event for the healthy, young
participants. Memory incorporation or dreaming related to surgery or anesthesia
have been commonly reported in other anesthesia studies (Kim et al., 2011; Leslie
et al., 2005; Noreika et al., 2011). The rates of memory incorporation in the Study
[T and the study by Valli and co-workers (submitted) are much higher than in another
study with smaller anesthetic doses (Radek et al., 2021).

Dream reports from natural sleep differ between measurements in the
laboratory and collection at home (Sikka et al., 2018; Waterman et al., 1993). In
this study, the experiments were performed at the Intensive Care Unit of the Turku
University Hospital and the environment was very similar to typical clinical
general anesthesia, surgery, and post-anesthesia recovery including cannulas, the
measuring equipment, and several researchers in the room. The environment was
thus far from a home-like environment or an every-day situation. The
environmental characteristics and the residual anesthetic effects during interviews
may have affected the recalled experiences. It is therefore quite surprising how
similar the reported experiences were with early-night NREM dreams (Kim et al.,
2011; Leslie and Skrzypek, 2007).

Since studying the original first-person experiences is not possible, the reports
of experiences were analyzed in this study. Successful interviews were obtained
from 60% of the participants (28/47) after LOR1 and 91% (20/22) after LOR2. All
the participants who reached the LOC state were interviewed after recovery.
However, the state of consciousness remained unknown in 43% (20/47) of the
participants in LOR1, 14% (3/22) in LOR2 and 2% (1/45) in LOC due to a white
report, non-rousability from LOR1 or LOR2, or the lack of a successful interview.
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Thus, a substantial number of experimental states could not be assigned to the
categories of connected, disconnected, and unconscious.

The unresponsiveness reports were common in all three interviews, namely
89.3%, 75.0%, and 84.4% of the participants reported experiences from the
unresponsive time after LOR1, LOR2, and LOC states respectively. This suggests
that the experiences can occur and are likely during anesthetic-induced
unresponsiveness and do not only originate from the post-anesthetic emergence
period. However, this study cannot prove the existence of experiences during general
anesthesia, because the LOR-concentration was lower than in surgical general
anesthesia and the ROR3 reports were delayed. Although the unresponsiveness
reports were more common with dexmedetomidine and the responsiveness reports
were more frequent with propofol, the reports from all three interviews and with both
drugs were rather similar in terms of their content.

The awakening of the participants during constant target-controlled infusion
allowed mapping the experiences to the preceding period of drug infusion without
the confounding effect of a lengthy emergence period. As the ROR2 interview was
performed when possible, the paradigm employed in the present study can be
considered as the serial awakening paradigm. The study of dreaming during natural
sleep has demonstrated that it is critical to minimize the temporal lag between the
arousal and the reporting of the dream experiences (Aspy et al., 2015; Putois et al.,
2020), and previous anesthesia studies have shown the degradation of experiences
when the interview is delayed (Leslie and Skrzypek, 2007). In delayed interviews,
many experiences or their details may be lost. Even if the experiences can be
recalled, motivational factors may affect the reporting and cause a reporting bias
evidenced by dream research: only the most salient or exciting experiences may be
reported (Zadra and Robert, 2012). Interrupting events and residual anesthetic may
cause the corruption of memory for experiences or the generation of new memories
even within a couple of minutes between the arousal and dream report (Aspy et al.,
2015; Valli et al., submitted). The ROR2 interview allowed the accurate timing of
the experiences occurring between ROR1 and ROR2 interviews. Therefore, the
results clearly show that experiences do occur during constant drug infusion that is
sufficient to induce unresponsiveness. However, the participants were not roused
immediately after the higher concentration step (LOC state). The lag between the
LOC state and ROR3 interview varied widely: some of the participants regained
responsiveness within a couple of minutes after stopping the infusion and the lag was
very short, while others were roused after the 30 minutes allowed for spontaneous
recovery. Another source of uncertainty related to ROR3 interviews stems from the
participants who could not be roused for the interview after LOR1 and thus they
reported experiences from the whole duration of the experiment during which they
had been unresponsive at two different drug concentrations. Thus, all the experiences
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in the ROR3 reports cannot be considered to originate from the LOC state, but they
can also originate from the recovery period or even from the previous experimental
states with lower drug concentration.

The thorough interview and the detailed content analysis of the reports allowed
studying different types of experiences also beyond hallucination-like and narrative
dreaming (Windt et al., 2016). The memory incorporation and awareness
experiences were mostly static but also scenery and dynamic experiences constituted
marked proportions of the dream experiences. Most of the dream content was visual
and one third of the dreams also contained auditory perceptions. In contrast, the
memory incorporations and awareness experiences included mostly auditory
perceptions and the number of different types of perceptions within an experience
was typically smallest in the awareness experiences. In addition to visual and
auditory percepts, the kinesthetic and cognitive experiences were prominent types of
content in dreaming, memory incorporation, and awareness experiences. In this
study, relatively few dream experiences could be classified as positive (21%) or
negative (15%), which is in line with dreams from natural sleep when the external
raters evaluate the valence of the dream (Sikka et al., 2014). Overall, the experiences
reported in Study III were in line with the previous studies of experiences during
anesthesia as most of the reports were simple and negative emotions were only
present in a minority of the reports (Kim et al., 2011; Leslie and Skrzypek, 2007;
Noreika et al., 2011).

The participants in the propofol group regained responsiveness within 30
minutes after ceasing the LOC infusion more often than the participants in the
dexmedetomidine group who often had to be roused after 30 minutes. When
interviewed in ROR3, the dexmedetomidine participants gave more
unresponsiveness reports than the propofol participants. However, the time from the
end of the infusion to the beginning of the ROR3 interview was not associated with
the occurrence of dreaming or memory incorporation in either group. In a previous
study, propofol sedation resulted in a rapid emergence and was associated with a
five-fold higher incidence of dreaming and more vivid dreams than those in a
midazolam group, where the emergence was slower (Kim et al., 2011). The
difference in the rate of dreaming was suggested to be partly associated with the
earlier and clearer communication with the interviewer in the propofol group (Kim
etal., 2011). In the case of natural sleep, the forced awakening may result in a higher
frequency of dream recall (Stickgold et al., 2001) and the interview reports obtained
after abrupt awakening include less cognition-related content when compared with
reports obtained after gradual awakening (Goodenough et al., 1965). In this study,
the reported frequencies of the different content types did not differ between the
interviews from RORI1, ROR2, and ROR3 states. Therefore, the reports from
different states were combined for the content analysis.
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In this study, the experiences could not be combined with the connectivity and
N400 data due to the small number of connected and unconscious experiences in
each of the measured unresponsive states. However, future studies should aim at
combining experiences and connectivity measurements. A higher functional
connectivity shortly after awakening has previously been associated with an
increased dream report rate in natural sleep, which has been suggested to be related
to the short-term memory in the dream-wake transition (Vallat et al., 2020). Also the
combination of ERPs and experiences during unresponsiveness are worth a study as
enhanced stimulus-related responses during sleep have been observed in high versus
low recallers (Eichenlaub et al., 2014). Thus far, the occurrence of experiences
during unresponsiveness has been mostly associated with relatively simple spectral
measures (Casey et al., 2022; Chellappa et al., 2011; Eer et al., 2009; Leslie et al.,
2009; Matus et al., 2021; Siclari et al., 2017, 2018) and distinguishing those with
recalled experiences from those without has been unsuccessful in many studies
(Aamodt et al., 2021; Leslie et al., 2007; Wong et al., 2020).

The interview questions and the analysis protocol may have prominent impact
on the results on subjective experiences. In the Study III, two raters aimed to classify
the reports to different content categories offline based on the transcripts of the semi-
structured interviews. In the study of Casey and co-workers (2022), the participants
were given a more prominent role in the classification of their own reports as the
participants were, for example, asked to determine whether they had been awake,
dreaming, or unconscious during anesthesia. It is known that the self-ratings and
external ratings of dream experiences from natural sleep differ at least when the
valence of the experience is evaluated (Sikka et al., 2014, 2021). It would therefore
be interesting to know whether there is a similar disagreement between self-ratings
and external raters in the classification of the experiences occurring during
anesthetic-induced unresponsiveness.

6.6 EEG-based measuring of the anesthetized
states

In this thesis, anesthetic-induced states were explored based on two EEG-based
measures, connectivity and N400. As discussed in the previous sections,
responsiveness was the most reliable discriminator of the experimental states.
Because the numbers of connected or unconscious cases were also insufficient for
subgroup analyses, the conclusions are limited to the EEG-based correlates of
unresponsiveness.

As many efforts in the field are aimed to disentangle the problem of measuring
consciousness, studying the neural correlates of responsiveness might seem
uninteresting. However, responsiveness is a critical threshold as historically, and still
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today, anesthetized states are studied using responsiveness as a surrogate of
consciousness. The unresponsive state is the most objectively defined state in the
continuum of states from the fully conscious and connected state to complete
unconsciousness, and the monitoring of general anesthesia and disorders of
consciousness largely relies on observing the behavior. Responsiveness determined
with the isolated forearm technique is the current gold standard method for defining
intraoperative connected consciousness (Sanders et al., 2017; Lennertz et al., 2023).
During general anesthesia, muscle relaxants interfere with detecting the
responsiveness and the anesthetized individual may not be able to respond despite
attempts to do so (Ghoneim et al., 2009; Kerssens et al., 2003). An index of
responsiveness without the physical responding might be very helpful also in
different paralyzed conditions, such as the locked-in syndrome, yet the physical
inability to respond may also affect the neural correlates. However, mere
responsiveness is an insufficient measure of unconsciousness and an imperfect
surrogate of disconnection.

The identification of the neural correlates of the state of consciousness could
impact the patient care in many specialties of medicine. Finding the neural correlates
of responsiveness may help in finding the correlates of consciousness in the future.
As shown in the Study I, the prefrontal-frontal connectivity measures changed from
responsiveness to unresponsiveness and the values further changed along with the
deepening anesthesia from LOR to LOC state. This may indicate that the prefrontal-
frontal connectivity measures could be also used to differentiate conscious and
unconscious individuals, although it could not be shown in the current study.

It can be questioned whether it is possible and necessary to separate all the
different phases of losing consciousness (Section 2.2.6) in the medical practice. In
the case of general anesthesia, the most relevant distinction might be between the
disconnected and connected states, and in the case of the disorders of consciousness,
between the unconscious and conscious states. Since the line between the
fundamentally different states might differ between the different causes of alterations
in the state of consciousness, it is important to know the neural correlates of different
states as thoroughly as possible.

When searching for the optimal method to measure the anesthetized states, it is
important to consider the roles of the paradigm and task. The use of stimuli and
active task allow the testing of the stimulus-related processing and the ability to
follow commands. The stimuli help to detect specific types of sensory or cognitive
processing, and the manipulation of the complexity of stimuli allows fine-tuning the
targeted type of processing. Stimuli and tasks allow combining the connected
contents of consciousness with the state of consciousness. However, the preservation
of a specific brain activity in response to stimulation does not necessarily prove the
preservation of consciousness (Naccache, 2018). When used during anesthetic
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infusion, the stimuli and task may also enable controlling overt responsiveness.
However, the salience of the stimuli affects responsiveness (Purdon et al., 2013). On
one hand, a stimulus-related task might help in detecting covert consciousness
especially if the task is related to following the stimuli. On the other hand, measuring
the resting state in the absence of stimulation is more straightforward and depends
less on the setting, vigilance, or willingness to perform the task or the confounding
factors related to active responding. In addition, the EEG activity related to
performing a task, such as a mental imagery task, may show extremely large
individual differences (Curley et al., 2018). The detection of covert consciousness
using task-related activation and brain imaging or EEG have yielded highly
interesting findings (Cruse et al., 2011; Huang et al., 2018a; Owen et al., 2006) but
passive paradigms with stimulation have been successful when evaluating the
prognosis in disorders of consciousness (Naci et al., 2014, 2017; Rohaut et al., 2015;
Sokoliuk et al., 2021a). The current study utilized both connectivity measured in the
resting state and the N400 that is a stimulus-related measure.

In the clinical setting, the depth-of-anesthesia monitors need to perform in a
dynamical manner. Out of the measures used in this study, the connectivity analysis
can be implemented on a much finer temporal scale (e.g., 10 seconds) than
implemented in the Study I. Although the 2-min epochs were optimal for the current
research questions, shorter epochs could be a better choice for clinical applications.
The calculation of alpha connectivity in shorter time windows can be implemented
using the conventional method of initially bandpass filtering the EEG signals and
then computing the phase coupling across all the time points in the filtered signals,
instead of the multitaper analysis implemented in the present study. This applies to
coherence as well as wPLI/dPLI. Thus, all the connectivity measures used in Study
I are equally capable of allowing a fine-grained temporal resolution in the clinical
setting. The analysis of event-related potentials requires the averaging over several
stimuli, and especially presenting stimuli to elicit cognitive ERPs is relatively time-
consuming, which lengthens the time needed for measuring complex and late ERPs.
Time-efficient stimulus paradigms have been suggested for N400 and other ERPs
for clinical use (Ghosh Hajra et al., 2018; Sculthorpe-Petley et al., 2015), although
the decreased signal-to-noise ratio in the altered states of consciousness certainly
presents a challenge.

Inter-individual differences play an important role in the search for means to
measure consciousness. When vulnerable patients are studied, the observation of one
exception, a “black swan,” may be sufficient to overturn the possibilities of a
potential measure (Gaskell et al., 2017; Mashour and Avidan, 2017). However, if the
underlying reasons for the exception can be characterized, the measure might still be
applicable. The most used measures for anesthesia monitoring, such as BIS or
Narcotrend, are not perfect (Lewis et al., 2012; Mashour et al., 2012; Russell, 2006)
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but their problems have been accepted in the absence of better indices. To reduce the
subjectivity of evaluating the patient’s state, the use of measurements, such as the
EEG-derived indices is widely recommended (National Institute for Clinical
Excellence NICE Diagnostics Guidance, 2012). Study IV demonstrated the
individual differences in a potential neural correlate of semantic processing, N400,
in wakefulness. The individual differences detected during wakefulness may also be
reflected to the anesthetized state (Chennu et al., 2016; Liu et al., 2019). The reasons
of the variability may be related to individual neurobiology (Ni Mhuircheartaigh et
al., 2013) or background demographics (Obert et al., 2021) but they also often remain
unresolved (Veselis et al., 2004).

It seems unlikely that a single, simple measure could be used to reflect the state
of the patient perfectly but the multivariate measures combining different types of
information are more likely to succeed (Engemann et al., 2018; Imperatori et al.,
2021). The combination of the connectivity measures, N400, and spectral measures
might provide complementary predictive power over any single measure.

6.7 Methodological considerations

6.7.1 Strengths of the study

In this study, healthy participants were studied during either dexmedetomidine or
propofol administration in a highly controlled experimental setting. This allowed
examining the isolated effects of a single general anesthetic at a time without the
confounding caused by other drugs, surgery, pain, or background conditions, such
as variation in age and morbidity. Young patients have an increased risk for
intraoperative awareness and thus represent a relevant study population (Lennertz et
al., 2023; Pandit et al., 2014b). The two drugs of interest act through different
molecular mechanisms and have previously been shown to display both similarities
and differences in the brain structures they affect and in their effects on the signaling
in the brain.

In the present study, the brain functioning of the participants was studied with
several different methods within the same experiment. The resting-state measures,
stimulus-related measures, and semi-structured interviews enabled the holistic
assessment of the state of the participants. The titration of the anesthetic drug
individually based on a behavioral end-point, and the rousing of the participants
during constant anesthetic concentration, enabled studying the participants’ state
independent from the drug-induced effects.

EEG-based indices of the state of consciousness and the depth of anesthesia are
feasible methods to be implemented in the operating room, especially when they can
be measured in the frontal channels that are easily accessible and match the routinely
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used monitoring electrode bands. EEG has been reported to show greater sensitivity
in the detection of covert consciousness than fMRI in disorders of consciousness
when volitional responses and mental imagery are studied (Curley et al., 2018).

The present study also aimed to control the effects of methodological choices.
The connectivity study (Study I) took advantage of two methods to describe the
functional connectivity and one method to assess the directed connectivity. The
N400 study (Study II) was accompanied by a single-subject study evaluating the
effects of the analysis methods on the detection of a complex cognitive ERP (Study
V).

In unresponsive states, only the best performing stimulus paradigms should be
used and the stimuli should be presented with intervals long enough for detecting
processing that may have slowed down (Rokos et al., 2021). In this study, the N400
paradigm was designed to induce as large N400 effect as possible by including an
active task and carefully constructed sentence stimuli. To maximize N400, the
stimuli were not repeated during the experiment. The optimization of the
experimental design seems to have been successful as the cluster-based method
showed better performance than in previous N400 studies with individual-level
analyses (Cruse et al., 2014; Sculthorpe-Petley et al., 2015).

The experiences were collected after emergence from anesthesia and also during
the constant infusion in the Study III. This approach enabled tracking the timing of
the experiences: The experiences reported in ROR2 interview very likely occurred
after the RORI interview, that is, in LOR2. The meticulous four-phase
categorization of the content of the reports allowed distinguishing the disconnected
and connected experiences and memories originating from the responsive period,
and demonstrated the similarity of the experiences reported after unresponsiveness
induced by different anesthetics. In Study III, the reports were rated by two
independent observers and the agreement between them was good, which is an
advantage over many of the previous studies of experiences during anesthesia.

6.7.2 Limitations of the study

There are several factors that limit the interpretation and application of the results of
the current study. Although the number of participants in the anesthesia experiment
was sufficient for assessing the overall effects across different anesthetics, the non-
rousability of many of the propofol participants reduced the sample size in LOR2
and ROR2 states. The subjective experiences reported in RORI, considered to
represent LOR1 in the analyses, could also originate from the sedative steps
preceding LOR1, which hinders the interpretation of the subjective experiences
related to LORI1. Instead, the ROR2 reports can be localized more precisely in time.
The definition of the presumed LOC state was only based on the responsiveness and
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drug concentration. In addition, the final ROR3 interviews were not performed
immediately after ceasing the anesthetic administration but after a maximum of 30
minutes of waiting for spontaneous recovery of responsiveness. Therefore, the true
nature of the presumed LOC state in terms of experiences remains unclear. Although
the interview reports in ROR3 were acquired differently from the reports in ROR1
and ROR2, the experiences in ROR3 did not differ from ROR1 and ROR2, which
suggests that the experiences were not markedly affected by the way of awakening
from the unresponsive state. After all, experiences can never be collected with
interview reports instantly, but the interviews are always more or less delayed.

In the present study, the stimulus blocks were rather long. Therefore, the study
is based on the assumption that the state of the participants is relatively stable during
one experimental state or at one concentration step. However, both the brain
functioning (Li et al., 2019; Vlisides et al., 2019) and the behavioral state (Kantonen
et al., submitted) can change dynamically during a constant anesthetic concentration
and the transitions from one state to another may be sudden and have neural
correlates distinct from the surrounding states (Lee et al., 2017b; Pullon et al., 2022).

The key EEG results of the present study are related to the LOR1 state. It is
probable that the depth of the participants’ state deepened during the relatively long
LORI state because of the cumulative drug effects despite the pseudo-steady-state
drug infusion. This could indeed be seen both in the connectivity differences between
LOR and LORjs. epochs in Study I, and in the previously reported EEG spectra of
the same epochs (Scheinin et al., 2018). The LOR1 and RORI1 states could only be
compared in the connectivity study (Study I) where the prefrontal-frontal
connectivity differed between the LOR and ROR epochs. However, the ROR epoch
originated from the time after the ROR1 interview when the participant was already
allowed to fall asleep. Thus, the ROR epoch most likely originates from deeper —
maybe already unresponsive — state, which may diminish the differences observed
between the unresponsive and responsive conditions. Therefore, the changes
detected between LOR1 and ROR1 states are rather under- than overestimated.

It would have been interesting to control the effect of the awakening attempt
among the participants who did not wake up to ROR1 and ROR?2 states. However,
if the participant could not be roused to a ROR1/2 state after a LOR1/2 state, the
drug dose was directly increased to 1.5-fold to induce the presumed LOC state.
Therefore, a comparable 2 min epoch of stable EEG was not available after the
awakening attempt from those participants who did not achieve the ROR state.

The connectivity and N400 results are based on group-level analysis and
therefore represent average experimental states. The data were insufficient for
single-subject analyses. Also, the stratification of the material based on reported
experiences was not feasible because of the insufficient numbers of participants in
the state-wise subgroups. Because of the insufficient material and the lack of
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consensus to which extent the N400 ERP component is related to the state of
consciousness, the N400 could not be utilized to distinguish the disconnected and
connected individuals.

The study population was very homogeneous including only young, healthy
males. Only males were studied due to the PET studies included in the experiment
series. For clinical applications, all the measures should be tested in realistic
populations including both women and men, patients of different ages, different
types of surgeries, and combinations with other drugs related to general anesthesia.
If the results are compared with patients with disorders of consciousness, it needs to
be acknowledged that the brain lesions underlying these conditions are highly
variable and the patients are mainly older people. For example, the age and sex affect
N400: women and younger adults display larger N400 effect compared with men
and the elderly, and the processing strategies of speech comprehension differ
between the young and the old (Daltrozzo et al., 2007; Broderick et al., 2021).

As no source localization was applied in the EEG-based Studies I, II and IV, the
results can provide little information on the underlying anatomical sources in the
brain (Palva and Palva, 2012). The field of source localization of EEG has
considerably developed in the recent years (Asadzadeh et al., 2020), although the
methodological choices — which are numerous over the analysis pathway — affect the
results of modeling (Mahjoory et al., 2017; Michel and Brunet, 2019; Piastra et al.,
2021). The methodological uncertainties related to source localization have also been
described in the cases of connectivity and ERP analyses (Cho et al., 2015; Conte and
Richards, 2021). As tens of different source localization methods with different
assumptions are available (Asadzadeh et al., 2020), the choice of the method can be
expected to markedly affect the result. Also, the study in the awake state (Study IV)
showed the notable effects of the methodological choices in single-subject ERP
analyses.

To maximize the comparability with the previous studies utilizing wPLI and
dPLI, the w/dPLI connectivity analyses of the current study employed the most
commonly used reference channels, namely one or two mastoids (Blain-Moraes et
al., 2014; Lee et al., 2013a; Li et al., 2019; Vlisides et al., 2019; Zierau et al., 2021).
Since wPLI and dPLI are designed to be robust to the volume conduction effect by
accounting for only nonzero phase lead/lag relationships (Vinck et al., 2011; Stam
and van Straaten, 2012), there was no need for additional correction for volume
conduction by re-referencing. If surface Laplacian transform had been used to
suppress the volume conduction effect in EEG signals, the application of wPLI/dPLI
on the transformed signals would have been expected to underestimate the true
connectivity level because of the inherent ignoring of the zero-phase-lag
connectivity. A confirmatory analysis with Laplacian transform was performed (data
not shown) and, as expected, the wPLI and dPLI demonstrated lower values as
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compared to the values in the Study I. However, both the spectral and spatial
distribution of w/dPLI were highly similar between the two different reference
montages and, for example, the difference between the LOR and ROR states seemed
to be even larger with Laplacian referencing than with mastoid average reference.
Thus, the conclusions regarding the wPLI and dPLI were robust irrespective of the
reference used. Since coherence is sensitive to the volume conduction effect, surface
Laplacian transformed EEG was used in the coherence analysis (Winter et al., 2007).
Nevertheless, spurious connections may remain even with methods that are immune
to zero phase-lag connections at least in source-localized data (Palva et al., 2018).

The N400 analyses were also performed using mastoid averages since the
mastoid average or linked mastoids are the most conventional, utilized, and
recommended reference for analyzing the N400 component (Duncan et al., 2009).
The number of previous studies using, for example, surface Laplacian method in
N400 analysis is very limited. The topography of the N400 elicited by visual stimuli
has been shown to differ between Laplacian and linked mastoid reference (Curran et
al., 1993). However, also with the Laplacian reference, the N400 effect is most
prominent at the vertex (Cz) and not, for example, at the temporal electrodes (Curran
et al., 1993). One reason for the limited use of Laplacian reference in N400 studies
might be the critical comments made, for example, by Johnson and Hamm (2000),
although there does not seem to be empirical evidence for the insensitivity of
Laplacian reference for deep generators (Kayser and Tenke, 2015). In addition to the
potential effect of the reference montage, the preprocessing steps, such as artifact
removal and filtering have an essential role in the differences between studies.

The differences between the analysis methods examined in the Study IV were
multiple and each method used different a priori information. The differences
between the methods could have been mitigated, for example, by using a limited set
of channels or a more constrained time window in the cluster-based analysis to make
it more similar to the other methods. For example, the time window of the t-CWT
analysis could have been broadened and the analysis could have been focused on the
negative extrema to make t-CWT analysis more similar to the cluster-based analysis.
However, such choices would have lost the unique features that constitute the
advantages of the different methods. Also, only the built-in features of readily-
available packages were used in this study and, for example, the t-CWT method may
not have reached its full potential. For example, the randomization tests used in some
previous studies for the correction of the results (Bostanov and Kotchoubey, 2006;
Real et al., 2014) are not included in the t-CWT 2.01 package and were thus not
implemented in the present study. Only three out of five t-CWT variants allowed
direct comparison with each other and with all the other methods without those
additional corrections. Therefore, there still remains a need for a more thorough
methodological comparison between the t-CWT and clustered permutation tests as
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also previously suggested (Kotchoubey, 2015). Also, different parameter values
within each of the five methods were not tested, which represents a potential target
for comparative ERP studies in the future.

Other limitations related to the experimental design include analyzing
connectivity only in the alpha band (Study I), fixed stimulus and block order in the
N400 studies (Studies II and IV), not specifically instructing the participants to
respond as quickly as possible in the yes/no recognition task (Study II), and the risk
of classifying some awareness-related experiences as memory incorporation (Study
I10).

6.8 Future directions

Almost all of the unresponsive participants in this study had experiences originating
from the unresponsive time, which clearly indicates that responsiveness cannot be
used as a surrogate of consciousness. Future studies on consciousness,
responsiveness, and anesthetics should invest in using accurate concepts, such as
consciousness, connectedness, and responsiveness to avoid conveying imprecise
information. The careful definition of the concepts will also help in creating
improved experimental designs where the effects of the state and drug can be
separated using, for example, serial awakenings.

The field of anesthesiology seems to have abandoned amnesia as the main target
of general anesthesia (Sanders et al., 2016). It remains to be considered whether
general anesthesia should lead to unconsciousness or whether disconnected
consciousness would suffice. However, defining the boundaries of disconnectedness
and connectedness is a highly challenging question. Would a horrifying nightmare
that is thematically related to the operating room and includes detailed and distorted
memory incorporation from the awake state represent a desired disconnected state?
Can hallucinatory experiences always be differentiated from awareness when they
were mostly intertwined in the interview reports of this thesis?

Before this study, the EEG-based connectivity under dexmedetomidine
anesthesia has been sparsely explored. Future studies should further explore effective
connectivity and aim to find the network-level indices and source-localized
pathways of connectivity affected by anesthetics acting with different molecular
mechanisms, and especially by the non-GABAergic anesthetic agents that have been
less studied thus far. Combining the fMRI-related and EEG-related results on
connectivity and formulating a cohesive picture is one of the future challenges that
could increase the understanding of the brain functioning under anesthesia and in
losing and regaining consciousness.

The N400 has previously been shown to have predictive potential in the
treatment of patients with disorders of consciousness. Interestingly, the N400 effect
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was lost already in minimally unresponsive state induced by dexmedetomidine,
which contrasts with N2 and REM sleep where the effect has been reported. This
suggests that the unresponsive state of natural sleep is different from the anesthetic-
induced unresponsiveness in terms of the semantic processing of words. Comparing
both connectivity and N400 within the same participants during anesthesia and
during sleep would be extremely interesting. In the future, the N400 ERP component
needs to be studied during responsive sedation and with other anesthetics
accompanied by a placebo group to allow conclusions on the course of the
anesthetic-induced degradation of semantic processing. Although there is one
published study on N400 during responsive ketamine sedation (Grunwald et al.,
1999), the effects of other sedative drugs also need to be studied since ERPs may be
studied in patients with disorders of consciousness also during sedation (Tzovara et
al., 2015).

A perfect anesthesia monitor or indicator of consciousness would be
characterized by as simple measuring equipment as possible, real-time feedback, and
clear threshold values for the interpretation. In addition, the method should work
either independently of the anesthetic agent or have tailored programs for each group
of anesthetics. The knowledge of the other unresponsive states, such as sleep and
disorders of consciousness, also has a critical role in the construction of a cohesive
picture of the correlates of consciousness. The successful indices for assessing the
state of consciousness are likely to be excessively complex multivariate measures
(Engemann et al., 2018) that take advantage of a wide range of different
measurements with customized weights. The results of this thesis may contribute
towards the development of such indices by elucidating the characteristics of
anesthetic-induced unresponsiveness and its EEG-related correlates.
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V4 Conclusions

In this thesis, two experiments and two anesthetics with individually titrated dosing
were used to explore the EEG-based correlates of different behavioral endpoints and
to characterize the cognitive abilities and experiences during anesthetic
administration. The thesis shows that the brain functioning during anesthetic-
induced unresponsiveness differs from wakefulness but the brain still reacts to
complex cognitive stimuli, and subjective experiences are widely reported after
unresponsive periods. The two drugs acting through different molecular mechanisms
produced similar changes in the anterior EEG leads in different experimental states,
suggesting that the findings reflect generalizable markers of state.

With all of the approaches used — connectivity, N400, and subjective
experiences — the methodological considerations were emphasized: the three
different methods for assessing connectivity were compared with each other and with
spectral power, and five different analysis methods were contrasted for the analysis
of N400. The subjective experiences were evaluated by two raters in four phases in
order to find phenomenal categories that best match the experiences.

In the hierarchy of the states from awake consciousness to unconsciousness
induced by general anesthesia, unresponsiveness and disconnection from the
environment are major intermediate phases, and the recognition of these phases is
important for developing better anesthesia monitors. The study increases the
knowledge on the characteristics of light experimental general anesthesia and the
methods to measure it.

The following conclusions can be drawn:

1. The within-anterior connectivity in the alpha frequency band
differentiates the responsive and unresponsive states during both
dexmedetomidine and propofol administration. Instead, the anterior-
posterior alpha connectivity does not correlate with responsiveness and
may rather be related to the drug concentration than the state.

2. The differentiation of congruent and incongruent semantic content,
measured with the N400 effect, disappears in the dexmedetomidine and
propofol sedation that induces unresponsiveness. However, the N400
component persists during unresponsiveness in the dexmedetomidine
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group, suggesting preserved but limited processing of spoken language,
possibly caused by failure to utilize contextual information.

Subjective experiences are often present during anesthetic-induced
unresponsiveness. The experiences are relatively simple, mostly
disconnected, and often related to the study environment.

The recognition memory for semantic stimuli is lost during
unresponsiveness. However, signs of implicit learning of emotional
stimuli can be detected with both dexmedetomidine and propofol, and the
explicit learning of emotional stimuli may also be preserved during
dexmedetomidine-induced unresponsiveness.

The choice of the analysis method has considerable impact on the
detection of N400, a complex cognitive ERP, at single-subject level. The
contribution of the analysis method should be considered when comparing
the different studies and interpreting ERP measurements in vulnerable
patient populations.
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Abbreviations

ANOVA  Analysis of variance

ASA American Society of Anesthesiologists physical status classification
AUC Area under the ROC curve

BAEP Brainstem auditory evoked potentials
BIS Bispectral index

BOLD Blood oxygen level dependent

c Response bias

CI Confidence interval

d’ Discriminability measure

dPLI Directed phase lag index

DMN Default mode network

ECI Explainable consciousness indicator
ECG Electrocardiogram

EEG Electroencephalogram

EMG Electromyogram

EOG Electro-oculogram

ERP Event-related potential

FIR Finite impulse response

fMRI Functional magnetic resonance imaging

GABA Gamma aminobutyric acid
GABAA Gamma aminobutyric acid receptor A

GEE Generalized estimating equations

GFP Global field power

ICA Independent component analysis

LLAEP Long-latency auditory evoked potentials

LOC Loss of consciousness

LOR Loss of responsiveness

LP Late positive event-related potential component
MCS Minimally conscious state

MEG Magnetoencephalogram

MLAEP  Middle-latency auditory evoked potentials
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MMN
mN400
N1

N2

N3
N400
NMDA
NREM
P3a
P3b
PCI
PET
Px

PLI
REM
ROC
ROR
SE
SED
SEDA
SD
t-CWT
TMS
UWS
VS
wPLI

Abbreviations

Mismatch negativity event-related potential component
Magnetoencephalographic N400

N1 event-related potential component; NREM sleep stage 1
NREM sleep stage 2

NREM sleep stage 3

N400 event-related potential component

N-methyl D-aspartate

Non-rapid eye movement

P3a event-related potential component

P3b event-related potential component

Perturbational complexity index

Positron emission tomography

Prediction probability

Phase lag index

Rapid eye movement

Receiver operator characteristics

Return of responsiveness

Standard error

Sedative state

Subjective experiences during anesthesia microlevel scale
Standard deviation

Studentized continuous wavelet transform

Transcranial magnetic stimulation

Unresponsive wakefulness syndrome

Vegetative state

Weighted phase lag index
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