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1 Introduction

The cognitive benefits of sleep are most evident when normal sleep is disrupted. The
neurophysiologic processes underlying these benefits have been the subject of
investigation for nearly a century. An important tool in this line of investigation is
electroencephalography (EEG), the recording and interpretation of patterns of elec-
trical signals from the brain. Unique patterns have been identified in EEG signals
that indicate specific stages of sleep and signify particular interactions among neu-
ronal populations within the brain. Sleep disruption is associated with altered EEG
dynamics both during wakefulness and in subsequent sleep. Significant sleep dis-
ruption can precipitate delirium, a syndrome of brain dysfunction characterized by
altered mental status, fluctuating levels of arousal, inattention and disordered
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thinking. Given that delirium is also characterized by altered physiologic patterns
on EEG, this modality may provide clues to the mechanistic processes underlying
the relationship between sleep disruption and delirium. In the present chapter we
explore this relationship through the lens of EEG. The clinical relationship between
sleep disruption and delirium is covered in chapter “Sleep Disruption and Its
Relationship with Delirium: Clinical Perspectives”.

2 The Restorative Neurophysiology of Sleep

Building on the chapter “Characteristics of Sleep in Critically Ill Patients. Part I:
Sleep Fragmentation and Sleep Stage Disruption”, electroencephalography (EEG)
consists of the recording and interpretation of time-varying patterns of electrical
signals from the brain. Identification of these patterns in the brain’s electrical activ-
ity allows one to distinguish sleep states from wakefulness and other states of con-
sciousness (e.g. coma or delirium). Neurophysiologists examine, either by visual
inspection or by quantitative analysis, the relative contributions to the EEG signal of
oscillations in specific frequency ranges. The ranges most commonly identifiable on
scalp EEG in adults are slow oscillations (less than 1 Hz), delta (1-4 Hz), theta
(4-7 Hz), alpha (7-13 Hz), and beta (13-35 Hz) frequencies. In healthy individuals
the EEG typically demonstrates alpha activity during wakefulness, theta activity
during drowsiness, slow oscillations and delta activity during non-rapid eye move-
ment (NREM) sleep and beta activity during rapid eye movement (REM) sleep
(Fig. 1). Sleep spindles are a defining feature of stage II sleep. These sporadic
12—15 Hz oscillations have an outline that resembles an old-fashioned sewing spin-
dle (broad in the middle and tapered at either end). They frequently occur in asso-
ciation with K-complexes - brief, high amplitude deflections of about 1 s in duration.
K-complexes can often be elicited by sudden acoustic stimuli during sleep (K stands
for “knock™) and likely reflect the integrity of the brain’s ability to ‘filter’ sensory
stimuli [1, 2].

The oscillatory patterns recorded during sleep EEG are associated with specific
neurophysiologic activities that support healthy cerebral function. Theta oscilla-
tions in sleep are associated with replaying memories acquired during wakefulness.
Delta waves drive clearance of the brain’s waste products and may facilitate synap-
tic homeostasis, a mechanism by which the brain is theorized to “reorganize” itself
to allow for more efficient processing. Sleep spindles are associated with memory
consolidation and thus likely facilitate learning and cognitive processing. These pat-
terns are postulated to result from interactions between the brain cortex and the
thalamus, an egg-shaped structure near the center of the brain that largely serves as
arelay between the brainstem and the cortex. Coordinated oscillations across dispa-
rate brain regions (also known as “functional connectivity”) allow for these regions
to communicate in support of processes such as memory replay. In the remainder of
this section we discuss recent work to elucidate the functions supported by these
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Fig. 1 Selected EEG patterns related to sleep and brain structures involved in their generation.
Sleep spindles and K complexes [green] indicate stage Il sleep and are generated through bidirec-
tional interactions between the thalamus and the cortex. Delta (1-4 Hz) waves [blue] predominate
in slow-wave sleep and are largely driven by thalamocortical cells, though local cortical regions
can generate their own intrinsic delta activity. Hippocampal theta (4—7 Hz) activity [purple] is
characteristically present during REM sleep but may also appear during stages I and II

patterns of electrical activity during sleep. Though much of our knowledge to date
is informed by animal studies, we focus primarily on oscillatory activity that can be
measured by scalp EEG in vivo in humans.

2.1 Slow Oscillations and Delta Waves

Slow oscillations reflect neuronal firing patterns that typically fluctuate at less than
1 Hz and occur synchronously throughout the brain. They are generated by bidirec-
tional interactions between neurons in the thalamus and the brain cortex during
NREM sleep. Slow oscillations are characterized by alternating UP states (periods
of increased activity of neurons in the thalamus and primary sensorimotor areas of
the cortex) and DOWN states (periods of relative quiescence). These rhythms are
postulated to modulate the brain’s delta wave activity during sleep [3]. They are
important for sleep-dependent learning and memory processing [4], especially that
of declarative (fact-based or explicit) and recognition memories [5, 6]. Delta waves,
also characteristically present in NREM sleep, fluctuate between 1 Hz and 4 Hz in
regional populations of neurons. Delta waves appear to be generated by intrinsic
activity in the cortex that is augmented by input from the thalamus [7, 8]. Kim et al.
[4] used optogenetic silencing of neurons to disrupt delta waves and observed an
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increase in performance gains on a skill learned prior to sleep. These observations
suggest that delta waves are important for homeostatic forgetting of memories
acquired prior to sleep, a function that may support effective memory consolidation
[9]. Since encoding of information in the brain occurs by sequential replay of neu-
ronal firing patterns [10, 11], memory formation requires strengthening synaptic
connections among neurons (which require a considerable amount of energy to
maintain). According to the synaptic homeostasis hypothesis, an important role of
sleep is to “prune” these connections to allow efficient energy expenditure while
integrating newly acquired information into the lived experience of the indi-
vidual [9].

In addition to supporting memory consolidation, delta waves drive pulsations of
cerebrospinal fluid (CSF) in and out of the skull cavity through the fourth ventricle
during sleep (Fig. 2) [12]. In anesthetized animals, delta activity correlates with an
influx of CSF alongside perivascular spaces through the glymphatic system [13], a
paravascular pathway that facilitates clearance of interstitial solutes in the brain
[14]. Delta waves thus play a role in the homeostatic evacuation of the brain’s waste
products. This may explain why delta activity reduces buildup of tau protein [15]
and why suppression of slow-wave activity results in buildup of amyloid beta pro-
tein [16], both markers of age-related dementia. It also may explain why suppres-
sion of delta waves is associated with age-related memory impairment [17].

The improved efficiencies in memory resulting from slow oscillations and delta
waves may facilitate cognitive performance after sleep. A computational model of
sleep spindles and slow oscillations with delta waves showed that the latter allow
competition between memories such that memories with more reinforcement take
precedence over weaker memories in the memory replay and consolidation process
[18]. A separate model of sleep-like slow oscillations generated by interactions
between the thalamus and the cortex showed that these oscillations are beneficial to
cognitive task performance [19].

2.2 Sleep Spindles and K Complexes

Sleep spindles and K complexes result from a complex interplay among the thala-
mus, the hippocampus and the brain’s cortex [20, 21]. Maingret and colleagues [22]
examined this phenomenon using intracranial electrodes implanted in a series of
male Long-Evans rats. The authors used timed electrical stimulation to modulate
the electrical patterns underlying spindles and the associated delta waves that
together form K complexes during sleep. Using a spatial memory task before and
after sleep, they observed that tighter coupling between cortical spindles and hip-
pocampal fast ripples was associated with improvements in memory consolidation.
Van Schalkwijk and colleagues [23] recorded sleep before and after a procedural
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Fig. 2 EEG slow-delta waves are coupled to CSF oscillations. (a) Mean amplitude envelope of
slow-delta EEG, (b) mean derivative of BOLD signals, and (¢) mean CSF signal, all locked to the
peaks of CSF waves during sleep in 13 humans undergoing simultaneous EEG and fMRI during
NREM sleep. The shaded region represents the standard error across peak-locked trials (n = 123
peaks). (d) Calculated impulse response of the CSF signal to the EEG envelope shows a time
course similar to that of previously established hemodynamic models. Shading indicates standard
deviation across model folds. (e) Diagram of model linking the time course of neural activity to
CSF flow. Variables include CBF and cerebral blood volume (CBV). With permission from The
American Association for the Advancement of Science © 2019

memory task in humans and found improved task performance (fewer errors) the
following day in those whose sleep spindle activity increased after learning the task.
The authors concluded that spindle activity was important for memory consolida-
tion in this sample. On the other hand, deficits in sleep spindles correlate with
impaired memory consolidation among patients with schizophrenia [24]. These
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findings support the theory that sleep spindles are a key mechanism by which sleep
supports memory consolidation.

2.3 Theta Waves

The hippocampi are a pair of horn-shaped structures in the medial regions of the
brain bilaterally. The hippocampi are important for memory encoding and retrieval,
and are postulated to be the primary source of theta (4—7 Hz) activity during NREM
and REM sleep [25-27]. The hippocampus uses theta oscillations to encode memo-
ries of specific sequences of locations, such as the path an animal might take to find
food [28] and reactivate when planning to repeat the same sequence [29]. REM
theta oscillations are also proposed to mediate processing of emotional memories
by way of coordinated activity between the hippocampus and the cortex [30].
Coordinated theta activity between the hippocampus and the ventral striatum, a
brain structure important to salience, facilitates replay of memories during sleep
[27, 31]. This ‘memory replay’ phenomenon has been observed in humans and
rodents, and is postulated to be the first step in the process of sleep-dependent mem-
ory consolidation [32].

2.4 Functional Connectivity Patterns in Normal Sleep

Functional connectivity refers to the degree of covariance between two physiologic
signals recorded from distinct regions of the brain. Commonly recorded signals
include electrical fluctuations, as recorded using EEG, and hemodynamic fluctua-
tions, as measured using blood oxygen level dependent (BOLD) fMRI. An observed
correlation between two signals suggests some form of communication between the
neuronal populations that generate them, either by causal influence of one popula-
tion over the other, or by virtue of a third party generator that exerts a synchronizing
influence over both populations simultaneously [33]. The synchronizing population
may or may not represent part of a “rich club”—a group of highly interconnected
brain regions that play a key role in global integration of information across the
entire brain [34]. Measures of instantaneous connectivity across the cerebral cortex
are lower in slow-wave sleep compared to wakefulness [35, 36]. This phenomenon
may reflect the corresponding decrease in sensory integration that occurs with
diminished conscious awareness during sleep [37].

The functional utility of altered connectivity patterns during sleep has been under
much speculation. During slow wave sleep, sequences of neuronal firing patterns
observed during wakefulness are spontaneously replayed at an accelerated times-
cale [38]. Berkers et al. trained volunteers on 50 visual stimuli paired with 50 audi-
tory stimuli during wakefulness and monitored the same individuals using EEG and
fMRI during sleep. When the participants reached slow-wave sleep, the
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investigators prompted reactivation of memories by replaying the auditory stimuli
at low volume. They then tested the participants’ memory of the audio-visual pair-
ings after awakening. They found that greater connectivity between stimulus-rele-
vant areas of the cortex and the hippocampus during memory reactivation correlated
with better performance on the post-sleep memory task [39]. This finding suggests
dynamic changes in brain connectivity patterns during sleep may support memory
replay, a key step in sleep-related memory consolidation [5]. Computational models
suggest the observed changes in connectivity may in turn be driven by theta oscilla-
tions [40], and this is supported by a study of post-sleep recall of vocabulary learned
prior to sleep [27].

Functional connectivity may also play a role in determining when sleep may be
disrupted by external sensory stimuli. Bastuji and colleagues [41] used lasers to
deliver stimuli during slow-wave sleep to 14 individuals undergoing intracranial
EEG monitoring for epilepsy. They observed a significant increase in the probabil-
ity of awakening when there was enhanced connectivity among areas of the brain
responsible for sensory processing. This association was maintained independent of
sleep stage and may explain, in part, the observation that ICU patients exhibit very
little slow-wave sleep. If the brain’s intrinsic response to sepsis or sedation, for
example, results in greater connectivity among sensory regions, this may result in
higher sensitivity to the variety of stimuli in the ICU environment.

3 Neural Dynamics in Sleep Disruption

During and after sleep disruption, there are observable changes in EEG activity pat-
terns. Sleep deprivation disrupts functional connectivity, primarily in the prefrontal
cortex and related regions. Sleep deprivation was associated with decreased con-
nectivity between left central and right frontocentral regions during wakefulness in
a series of 18 healthy, right-handed young men [42]. Vermeij and colleagues [43]
compared high-density resting state EEGs in a series of eight healthy participants
during a day following normal sleep versus a day following sleep disruption. Using
a graph theoretical analysis approach, the authors found sleep deprivation to affect
the EEG in a manner that was topographically specific: a significant decrease in
prefrontal interconnectedness in the alpha frequency band (typically associated
with normal wakefulness), and a significant increase in global functional connectiv-
ity in the theta frequency range. The fact that the prefrontal region was the most
strongly affected, may explain why functions mediated by this region may be most
impacted by sleep deprivation [43]. Such functions include the process of initiating
or sustaining any non-reflex response (energization), developing and implementing
a plan (task setting), periodically checking that one remains on task (monitoring),
behavioral/emotional regulation, understanding of one’s own thoughts (metacogni-
tion), vigilant attention, working memory, and learning that is dependent on the
hippocampus [44, 45]. Deficits in functional connectivity of the prefrontal cortex
due to sleep deprivation may be expected to result in deficits in any or all of these
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executive functions which are some of the defining clinical features of delirium (see
chapter “Sleep Disruption and Its Relationship with Delirium: Clinical
Perspectives”).

Aberrant functional connectivity may also be the mechanism by which sleep
deprivation leads to neuropsychological dysfunction and impairment of fine motor
control. Decreased connectivity between the prefrontal cortex and the amygdala, an
almond-shaped region important for processing of fear and other emotions, results
in impaired emotional regulation in sleep-deprived individuals. In a study of 30
healthy adult males undergoing 36 h of complete sleep deprivation, alterations in
connectivity among regions involved in motor regulatory control were associated
with impaired somatic fine motor function [46]. The same study revealed aberrant
communication of sensory information in areas responsible for sensory processing.
Altogether these findings suggest that changes in functional connectivity among
specific brain networks underlie cognitive and motor deficits after sleep depriva-
tion [46].

EEG activity patterns can be quantified to measure the brain’s response to sleep
deprivation. Skorucak and colleagues [47] conducted a cross-over study to investi-
gate the response to 7 days of sleep restriction (6 h in bed) versus sleep extension
(10 h in bed) followed by 40 h of sleep deprivation and 12 h of recovery sleep in
healthy participants. The investigators used polysomnographic recordings during
the sleep sessions to examine sleep architecture and slow-wave activity. Sleep depri-
vation resulted in less REM sleep during sleep restriction and greater frontal and
central slow wave activity during recovery sleep [47, 48].

The recovery period that follows sleep deprivation is more intense than normal
sleep. Characteristics of this increased intensity include decreased responsiveness
to the environment, altered EEG properties (specifically increased delta power and
decreased sleep spindle activity), and increased sleep time. In a study by Mander
and colleagues [49], 9 healthy adults underwent functional magnetic resonance
imaging (fMRI) on two occasions: once after 9 h of normal sleep following 38 h of
being awake, and once after 10 h of recovery sleep, also following 38 hours of being
awake. It was found that recovery sleep was an average of 111 min longer than
normal sleep. Recovery sleep also altered markers of prefrontal activation the fol-
lowing day. The increase in delta power during recovery sleep was most prominent
in the frontal cortex, and task performance increased with recovery sleep. These
findings reinforce the claim that slow-wave sleep is important for the recovery of
prefrontal functions (including task performance) that may be lost or diminished
during sleep deprivation.

4 Neural Dynamics in Delirium

The electrophysiologic characteristics of delirium were first described by Engel and
Romano in the 1940s [50]. They placed electrodes at the frontal, central and poste-
rior areas of the scalp in 53 patients and grouped recordings into five stages of
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delirium based on their observations of the patients’ degree of disturbance in aware-
ness. Delirium severity progressively worsened from stage I to stage V. In stages I
and II (mild to moderate delirium) the authors observed normal waking EEG pat-
terns with increased theta (5—7 Hz) activity. In stages II and III there was a predomi-
nance of low voltage fast (beta) activity. Stages III and IV were characterized by
prominent delta and theta activity (2—7 Hz oscillations) with very little of the alpha
(8-13 Hz) activity typically seen in normal wakefulness. In stage IV there were
periods of regular (monomorphic), high amplitude delta (0.5-3 Hz) waves, at times
with superimposed low voltage fast beta activity. In the most severe stage of delir-
ium (stage V), the EEG was almost entirely composed of fairly regular, moderately
high amplitude delta activity (3—7 Hz). Little to no normal alpha or beta activity was
apparent at this stage.

In the decades since this original investigation, the patterns of activity described
by Romano and Engel have been observed in groups of patients with specific etiolo-
gies of delirium. Increased irregular theta and delta activity is typically present in
delirium due to endocrine or metabolic disorders [51]. Repetitive, frontally pre-
dominant delta waves with a characteristic triphasic morphology are historically
associated with hepatic encephalopathy but have also been observed in renal failure,
respiratory failure, severe sepsis and medication toxicity [52—54]. Intoxication with
benzodiazepines or other substances that activate gamma aminobutyric acid
(GABA) receptors in the brain is associated with increased beta activity, particularly
in frontal regions [55]. Monomorphic delta waves with overriding beta activity can
be observed in patients with autoimmune encephalitis [56]. Yet for the most part,
attempts to obtain diagnostic specificity in regard to delirium etiology have been
disappointing using conventional analysis techniques [53].

Some investigators have attempted to characterize electroencephalographic pat-
terns in delirium using more computational techniques. Numan and colleagues [57]
recorded EEGs in 18 patients with postoperative hypoactive delirium and 40 age-
and sex-matched controls (20 recovering from anesthesia and 20 non-delirious con-
trol patients). In general, EEGs in the delirious patients were similar to those in the
sedated patients, demonstrating increased delta activity and decreased global func-
tional connectivity in the alpha range compared to non-delirious controls. Compared
to patients recovering from anesthesia, the EEG in delirious patients exhibited less
activity in the alpha (8—13 Hz) frequency range. Betweenness centrality, a measure
of global integration, was also decreased in the alpha range in delirium compared
with controls and with sedated patients [57].

Importantly, EEG recordings change dynamically. The features we have
described thus far may fluctuate over time in terms of their relative contributions to
the overall EEG signal. These fluctuations can reasonably be expected to be even
more prominent in the case of delirium, which is commonly characterized by
changes in level of arousal and alertness, and transient phenomena such as halluci-
nations. Van der Kooi and Slooter [58] captured these fluctuations elegantly by mea-
suring the coefficient of variation (CV) of the canonical frequency ranges among 26
delirious and 28 non-delirious patients after cardiac surgery. Delirium was associ-
ated with increased CV in the alpha (8—13 Hz) range globally, and increased CV in
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the beta (13-20 Hz) range in the frontal region. Contrary to other frequency ranges,
CV in the delta (0.5-4 Hz) range was decreased in the delirium group. The mecha-
nisms for this difference are incompletely understood but may relate to post-
anesthetic sleep intrusions among non-delirious participants that are suppressed in
delirium. Importantly, alterations in the variability of delta activity not only may
occur in acute delirium but may give hints to patterns of cognitive impairment long
after critical illness [59]. Further exploration of these phenomena may provide clues
to the distinction between the pathological delta activity associated with delirium
and ‘normal’ delta oscillations contributing to healthy brain activity during sleep.

The EEG patterns classically associated with mild to moderate stages of delirium
have also been described in mechanically ventilated patients, who commonly expe-
rience severe sleep disruption [60, 61]. Clinical evidence of delirium (as determined
by Glasgow Coma Scale [62] score less than 15 or a Richmond Agitation-Sedation
Scale [63] score less than —1 and positive Confusion Assessment Method for the
ICU) was an exclusion criterion for this study. Yet 16 (28%) of 57 patients demon-
strated periods of high amplitude irregular (polymorphic) delta activity without
sleep spindles or K complexes, which the authors termed “atypical sleep”. During
wakefulness, these patients exhibited excessive theta (6 Hz and below) activity,
which the authors described as “pathologic wakefulness”. The striking similarity
between these patterns and those classically described by Romano and Engel [50],
along with the observation that sleep deprived patients are at higher risk of delirium
[64], raises the possibility that delirium and atypical sleep/pathologic wakefulness
may reflect two sides of the same coin. Chapter “Atypical Sleep and Pathologic
Wakefulness” describes these findings in greater detail.

5 Sleep Deprivation: Toward a Hypothesis of Deliriogenesis

The electrophysiologic changes observed in sleep deprivation give a window into
possible mechanisms by which sleep disruption may precipitate delirium in com-
promised individuals (Table 1). When wakefulness persists and normal NREM
sleep is not permitted to take place, a lack of slow oscillations and delta waves lead
to disrupted CSF flow dynamics [12]. This may result in a buildup of the brain’s
waste products, a consequence that may have effects akin to hepatic or renal com-
promise, wherein systemic toxins are allowed to build up in the bloodstream. In
such cases patients often experience fluctuations in level of arousal and impaired
judgment. Decreased waste clearance might be expected to have more pronounced
acute effects in the context of neurodegenerative diseases, such that this may pref-
erentially affect people already vulnerable because of an underlying condition such
as dementia [65]. Indeed, accumulation of toxic protein aggregates is a pathological
hallmark of Alzheimer’s Disease (AD) [66], and patients with AD experience worse
cognitive decline after an episode of delirium [67].

A lack of coordinated theta waves, delta waves and spindles due to sleep disrup-
tion likely impairs the brain’s ability to process and consolidate memories [3].
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Table 1 Summary of EEG features and potentially deliriogenic effects of disruption

Characteristic Condition Function Potential effect of loss
Theta waves REM sleep Memory replay Impaired memory
consolidation
Slow oscillations Slow wave Coordinate delta waves Impaired memory
sleep consolidation
Delta waves Slow wave Drive CSF pulsations Waste accumulation
sleep Facilitate memory pruning | Impaired memory
consolidation
Spindles NREM sleep | Memory reorganization Network disorganization
Impaired learning
Prefrontal Wakefulness | Executive function (e.g. Behavioral disturbances
connectivity planning)
Emotional regulation
Sensorimotor REM sleep Memory replay Impaired retention of
connectivity Memory pruning information
Perceptual disturbances

Absent or diminished memory consolidation hinders retention of past information
and, according to prevailing theory of memory consolidation mechanisms, may
result in a progressively disorganized cortical network. This disorganization is char-
acterized by worsening metabolic inefficiencies, i.e. higher energy requirements
resulting from un-pruned synapses coupled with inefficient acquisition and storage
of new information [9, 68]. Deficits in processing of recently acquired information
and impaired ability to integrate new information may combine to produce an acute
state of confusion. Thus, although the diagnostic criteria of delirium pivot primarily
on inattention, when we focus on the genesis of delirium from sleep disruption,
what we find is a problem that is precipitated by impairments in memory processing
[69, 70].

As described above, sleep disruption is also associated with diminished connec-
tivity within the prefrontal region and between prefrontal and emotion processing
centers. These physiologic changes can further exacerbate symptoms of inattention
and result in impaired emotional control [71] and perceptual distortions [72], effects
that may underlie the behavioral dysregulation observed in patients with hyperac-
tive delirium.

Disruptions in the brain’s metabolic waste processing, impaired memory pro-
cessing and acquisition, perceptual distortions and executive disinhibition may
combine to create a syndrome akin to delirium in sleep-deprived individuals (Fig. 3).
Yet delirium itself may also worsen sleep disruption and exacerbate impairments in
the associated cognitive processes. In a convenience sample of 12 postoperative
patients recovering from orthopedic surgery, delirium severity (as measured by the
revised Delirium Rating Scale [73]) was associated with shorter total sleep time on
night 1 and increased waking delta power on postoperative day 1, but decreased
delta power on night 2 after surgery [74]. While delirium is classically associated
with increased theta and delta activity during wakefulness, there is a lack of the
organized sleep architecture defining various sleep stages. This may be due to
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Fig. 3 Deliriogenic Potential of Sleep Disruption (A Neurophysiologic Perspective): Lack of the
normal physiologic activity characterizing sleep leads to 1) disruptions in CSF flow dynamics and
impaired clearance of the brain’s metabolic waste products, 2) reductions in the normal memory
consolidation processes that allow for efficient memory processing and efficient acquisition of new
information, and 3) disorganized connectivity among brain regions responsible for memory pro-
cessing, perception, emotional control and other cognitive functions. These deficits cause a cas-
cade of symptoms that are characterized by pathological neuronal firing patterns (manifest on EEG
recordings as pathological delta and theta waves) and ultimately, due to increasing sleep pressure,
lead to characteristic signs of delirium. Atypical sleep and pathological wakefulness, though pres-
ent in non-delirious patients, may represent subsyndromal delirium or EEG harbingers of impend-
ing delirium onset

absence of coordinated slow oscillations modulating cerebral function as observed
by Dash and Colleagues [3]. Whether the delta and theta waves thus observed is the
brain’s attempt to ‘catch up’ on homeostatic sleep functions versus an entirely dis-
parate pattern (i.e. driven by unique generators unrelated to sleep homeostasis and
decoupled from CSF pulse flow dynamics) remains to be elucidated. Nonetheless,
the bidirectional effect of sleep disruption and delirium may result in a self-
propelling cycle, with escalating impairments in memory, cognition and metabolic
waste clearance that become difficult for the brain to regulate without external inter-
ventions (Fig. 3). Such interventions may include reorientation to familiar faces and
voices, modulation of sensory stimuli and promotion of regular sleep-wake cycles.
These effects underscore the importance of preserving quality sleep, particularly
among individuals at higher risk of delirium, and motivate adherence to systematic
protocols that include optimizing sleep quality to minimize risk of delirium in inpa-
tient settings [75, 76].
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6 Clinical Implications: Sleep in the ICU and Beyond

The propensity for sleep disruption to precipitate or contribute to delirium in at-
risk patients raises the question of how best to ensure optimal sleep quality in the
ICU. Though polysomnography (PSG) is the gold standard for monitoring and
assessing sleep quality, PSG is often impractical in the ICU environment and tradi-
tional scoring criteria do not translate well to this setting [61]. Sleep questionnaires
are limited by subjectivity and are not suitable for patients with impaired commu-
nication. Accelerometry devices may be hindered by restrictions in spontaneous
movement due to indwelling catheters or physical injuries. A role can be envi-
sioned for limited-montage EEG as a standardized measurement of sleep in the
ICU. Attempts have been made to use bispectral index to stage sleep in critically
ill patients [77], and emerging wearable EEG devices may find utility in this setting
[78, 79]. Importantly, these will require careful study for optimal implementation
given the ICU-specific conditions (e.g. sedation, hepatic or renal failure, mechani-
cal ventilation) that frequently influence EEG signals [80, 81]. Chapter “Methods
for Routine Sleep Assessment and Monitoring” reviews sleep assessment in
more detail.

While delirium in the ICU confers a dose-dependent increase in the risk of long-
term cognitive impairment [82] and sleep deprivation is associated with worse cog-
nitive trajectory among the general population [83], little is known about sleep
disruption and cognitive impairment in the post-ICU period. Between 10 and 61%
of ICU survivors experience persistent sleep disturbances up to 6 months after criti-
cal illness [84]. Wilcox et al. followed 102 ICU survivors to estimate sleep using
actigraphy and assess cognition using the Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS). They found an association between sleep
fragmentation and cognitive impairment at 7 days after ICU discharge but not at 6-
or 12-month follow-up [85]. Though EEG features of sleep and wakefulness
improve simultaneously with improvements in cognitive function during critical
illness, the timing and trajectory of these changes in the post-ICU period is yet to be
elucidated [86].

7 Summary and Conclusions

Normal sleep is characterized by a series of neurophysiologic processes that are
identifiable in EEG activity patterns. Slow oscillations, delta and theta waves, and
sleep spindles indicate particular types of activity within and between specialized
structures in the brain. The hippocampus, thalamus, and cerebral cortex play inte-
gral parts in the processes of waste clearance, memory consolidation and cortical
reorganization during sleep. These functions are important for maintenance of
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cerebral function and their disruption leads to symptoms and signs consistent with
delirium, particularly among at-risk individuals. These patterns give insight to
possible neurophysiologic mechanisms underlying the relationship between sleep
disruption and delirium. We propose that sleep disruption may be characterized by
specific alterations in EEG activity patterns that result in inefficient clearance of
cerebral metabolic waste, impaired memory consolidation and disrupted brain
connectivity, leading to memory loss, inattention, and difficulty processing new
information. The physiologic processes underlying delirium may further exacer-
bate sleep disruption, fueling a self-propelling cycle and motivating interventions
to maintain appropriate sleep hygiene in at-risk populations.

Yet several gaps exist in our understanding of this relationship. Are the delta
waves of delirium and those of slow-wave sleep borne of the same neural genera-
tors? What of the theta activity that is typically observed in earlier stages of delir-
ium? Does the modulatory effect of slow oscillations remain intact in delirium? And
fundamentally: does impaired memory consolidation increase risk of delirium inde-
pendent of other functions of sleep? Both sleep disruption and delirium are associ-
ated with long-term cognitive decline and increased risk of dementia [82, 87]. Are
the neurophysiologic processes linking these conditions also responsible for cogni-
tive aging? Investigations to elucidate these questions will inform development of
therapeutic interventions and motivate approaches to optimizing the restorative
functions of sleep.
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