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Calabrò

Consciousness is a multifaceted concept, involving both wakefulness, i.e., a condition of being alert that is

regulated by the brainstem, and awareness, a subjective experience of any thoughts or perception or emotion.

Disorders of consciousness (DOC) are usually caused by a severe acquired brain injury that leads to a loss of

consciousness lasting at least 24 h. The management of sleep disorders in DOC patients is an increasingly hot

topic and deserves careful diagnosis, to allow for the most accurate prognosis and the best medical treatment

possible.

disorders of consciousness  sleep  UWS and MCS  wake-sleep cycle

1. General Characteristics of Sleep Pattern

Sleep is studied worldwide by researchers and clinicians using PSG, which includes the study of EEG,

electromyography, electrooculography, electrocardiography, pulse oximetry, airflow, and respiratory strength .

Normally, sleep is divided into two stages, as first defined by Rechtschaffen and Kales in 1968 , and later

modified by the American Association of Sleep Medicine : NREM sleep and REM sleep. These stages are further

divided into cycles that range from stage 1 to stage 3 of NREM (N1–N2–N3), ending in REM sleep and

wakefulness (W) with a duration of 90–110 min/cycle; and each stage lasting 5–15 min. Every stage is

characterized by a specific EEG pattern : delta waves and, sometimes, spindles in the N3 stage (the deepest

stage of sleep); spindle and K-complex in the N2 stage; theta waves in the N1 stage; and theta waves with

sawtooth waves and rapid eye movements in the REM stage; meanwhile alpha waves appear in the W stage

(Figure 1).

[1]

[2]

[3]

[4]



Sleep in Disorders of Consciousness | Encyclopedia.pub

https://encyclopedia.pub/entry/41546 2/12

Figure 1. EEG pattern (on the left) and an 8 h recorded hypnogram (on the right) of normal sleep stages.

Recently, because of the time-consuming nature of the analysis of sleep recordings, automatic sleep stage

classification has used depth network structures for sleep stage scoring, such as convolutional neural networks 

and recurrent neural networks (RNNs) . More recently, a method based on ICA-Relief-F has been proposed for

the Sleep-EDF database . However, a standard approach and procedure is still not available, to allow

comparing the results of different studies. For these reasons, most of the studies in the field rely on the visual

inspection of PSG recordings, which has severe limitations in terms of reproducibility and cost . Normally, an

EEG is characterized by more than 100 standard spindles and a full sleep–wave cycle. To better study the sleep

stages, the time of sleep is conventionally divided into epochs, a continuous period of 30 s.

1.1. Anatomy and Physiology of the Sleep–Wake Cycle

The neuronal system that regulates the sleep–wake cycles is extended from the medulla, the brainstem, and

hypothalamus up into the basal forebrain, which allows the fusing of the sleep–wake cells. The hypothalamus

regulates sleep and wakefulness through the ventrolateral preoptic nucleus (VLPO), facilitated by the gamma-

aminobutyric acid (GABA) and galanin neurons regulating normal sleep. In addition, the posterior lateral

hypothalamus is facilitated by orexin/hypocretin neurons that regulate wakefulness, inhibiting the VLPO neurons

.

Several neurotransmitters are released during the sleep–wake cycle, such as catecholamines, serotonin, and

acetylcholine. Moreover, several factors specifically influence the wakefulness, such as olfactory, visual, vestibular,

and other neuromodulators. . The reticular activating system (RAS) has been shown to be the arousal system

maintaining consciousness. The RAS, after receiving the impulses from the spinal cord, conveys them to the

thalamus and successively to the cerebral cortex . Wakefulness is promoted by the basal forebrain, lateral

hypothalamus, and tuberomammillary nucleus. In particular, the neurons in the basal forebrain containing

acetylcholine promote arousal involvement of the cerebral cortex during the W phase of sleep, activating alertness

. Accordingly, lesions in this area with the neurotoxin hypocretin-2-saporin cause severe loss of sleep . On

the other hand, the lateral hypothalamus neurons are defined as a “wake switch” for the connections to several

wake-promoting areas, such as to the adrenergic, histaminergic, dopaminergic, and cholinergic nuclei .

According to the studies of Constantine von Economo, the anterior hypothalamus is associated with sleep,

whereas the posterior hypothalamus is correlated to awareness of the histaminergic neurons  that project into

the cerebral cortex, the amygdala, and the substantia nigra, and receive input from the hypocretinergic neurons of

the lateral hypothalamus and GABAergic neurons in the ventrolateral preoptic area . The brainstem sends

wake-promoting neurons from the rostral reticular formation to the forebrain, regulating the sleep–wake cycle. The

neurons of the rostral pons that project into the dorsal thalamic nuclei via a dorsal pathway, fire rapidly during W

and REM sleep, but decrease during SWS, and are called W-on/REM-on neurons. Another pathway is the ventral

pathway that projects into the magnocellular neurons in the substantia innominata, medial septum, and the

diagonal band , actively firing during W and becoming inactive during SWS and REM sleep. As already reported,

the wake phase is activated by various arousal systems that generate different neurochemicals , such as
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histamine- , glutamate , noradrenaline (NA)- , dopamine (DA)- , 5-hydroxytryptamine (5-HT)-

, ACh- , and hypocretin (HCRT)-containing neurons  (Figure 2).

Figure 2. Structures and neurotransmitters responsible for arousal and sleep. In the figure: regulation of the

ascending arousal system by the hypothalamic. Red lines represent the pathway of activation of the cortex, to

enable the handling of inputs from the thalamus. The monoaminergic structures involved in this process are the

locus coeruleus (LC), by noradrenaline (NA); the dorsal and median raphe nuclei, by serotonin (5-HT); the A10 cell

group, by dopamine (DA); and the tuberomammillary nucleus (TMN), by histamine (His). Moreover, peptidergic

structures are involved, such as the lateral hypothalamus (LHA), by orexin (ORX), or melanin-concentrating

hormone (MCH) and basal forebrain (BF) neurons that contain γ-aminobutyric acid (GABA) or acetylcholine (Ach).

The orange lane represents the input to the thalamus from cholinergic (ACh) structures, such as the upper pons,

the pedunculopontine (PPT), and laterodorsal tegmental nuclei (LDT).

1.2. Sleep

Sleep is activated by several structures: the suprachiasmatic nucleus, the ventrolateral preoptic nucleus (VLPO),

and the basal forebrain and brainstem. At the suprachiasmatic nucleus level, sleep is modulated by two

mechanisms: the homeostatic and the circadian. The homeostatic mechanism is characterized by an optimal sleep

duration and intensity in a short period, which depends on the individual’s history of sleep–waking. For example, a

subject deprived of sleep will show an increased number of SWSs and the recovery sleep will be characterized by

a longer period of sleep and delta wave activity . The circadian mechanism is controlled by the suprachiasmatic

nucleus (SCN) of the hypothalamus, defined as the “master clock” of sleep, because it rearranges and coordinates

the circadian rhythms of the peripheral tissues. Impairment of the SCN causes a loss of W and sleep establishment

. The anterior hypothalamus of the VLPO nucleus is defined as the “sleep-generating” center 
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because of its two nuclei, the VLPO nucleus associated with SWS, and the extended VLPO nucleus, linked to REM

sleep generation  and activating the inhibitory transmitters GABA and galanin that project into the arousal

neurons in the hypothalamus and the brainstem . Stimulus of the basal forebrain generated sleep ,

inhibiting the TMN nucleus . Meanwhile the brainstem sends an input to the thalamic and reticular nucleus

through the pedunculopontine tegmental nuclei and the latero-dorsal tegmental nuclei , whose neurons fire

during REM sleep. All these important neurobiological mechanisms can be damaged by brain injury, and this

damage may account for the abnormal wake–sleep cycle in DOC patients.

2. Characteristics and Assessment of Sleep in UWS/MCS

Sleep characteristics in DOC patients are still controversial and not well studied, due to various factors, such as the

etiology of brain damage, the kind of brain dysfunction, and the related sleep abnormalities. Severe impairment of

circadian rhythms has been shown , and the interruption of the regular interval of sleep and

wakefulness is possibly due to injury of the brain stem  or cortical dysfunctions such as in the diffuse axonal

damage or gray matter abnormalities due to brain hypoxia. Consequently, it was demonstrated that normal sleep

was reduced at night in MCS patients with a predominance of daytime sleepiness compared to control patients. On

the contrary, UWS patients showed a more severe impairment of sleep cycle with sleep phases present only during

the day . It could be then hypothesized that DOCs are characterized by dysregulations involving excitatory

wake-promoting and inhibitory sleep-promoting neurotransmitters, which are involved in maintaining efficient

connections between high-order cortical areas and sub-cortical structures . A reduction of both integration and

segregation was empirically described when an alteration of the diurnal sleep–wake cycle intervened. .

Due to the non-conventional sleep pattern of DOC patients, the use of approved terminology and scores is

sometimes not applicable and suitable. Therefore, further studies are necessary to identify specific criteria for sleep

and the EEG/PSG pattern in DOC patients.

Usually, the sleep–wake cycle of DOC patients is influenced by various environmental elements, such as light,

bronco aspirations, hygiene, and nocturnal enteral or parenteral therapy. All these factors can cause sleep

fragmentation with frequent arousals and awakenings, and this can interfere with PSG registration and sleep

assessment. Moreover, other factors such as brain neurosurgery interventions, hypothermia, skin lesions or

medical advice, and recovery elements can cause interference in PSG recordings. For these reasons, an

independent component analysis using the Wiener and Kalman filtering wavelet analysis has been suggested to

remove the myogenic artefacts of UWS patients . To achieve, better results, PSG must be recorded for 48–72 h

to obtain EEG data for multimodal analysis and independent component analysis algorithms, due to excessive

daytime sleepiness and lack of sleep during the night. . The sleep patterns of K-complexes, slow oscillations,

and REM-sleep have been described as potential prognostic factors in this patient population in . Usually,

DOC patients show altered sleep phases that are clearly abnormal, especially in UWS with respect to MCS

patients . In particular, it has been shown that in coma patients the sleep–wake cycle and spindles are absent.

Spindles and an irregular sleep–wake cycle are rarely observed in UWS; meanwhile, they are present, even if

irregular, in MCS patients, as well as in the NREM2 and slow-wave sleep (SWS) stages .
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The presence of spindle waves shows the functional integrity of the thalamus. The appearance of slow-wave and

REM sleep is a good outcome for the function of the brainstem nuclei, whereas the hypothalamic functional

integrity is expressed by the circadian organization of sleep patterns . The sleep–wake cycle and circadian

rhythm  are also normally regulated by the levels of melatonin and orexin . Melatonin is secreted

from the pineal gland, and it only has a circadian rhythm with high levels during the late evening ; meanwhile,

orexin neurons secreted by the lateral hypothalamic area and posterior hypothalamus  are secreted during

wakefulness and silent during non-rapid eye movement (NREM) and rapid eye movement (REM) sleep .

Therefore, it was shown that improving the restoration of melatonin metabolism was related to better cognitive

function, evaluated using the coma recovery scale-revised (CRS-R) score in patients with brain injury .

At the same time, regular secretion of urinary 6-sulphatoxymelatonin and free cortisol was linked to an upgrading of

cognition and awareness in comatose patients. However, Yang et al. were not able to show any involvement of the

pineal gland in the retention of awareness nor a correlation between levels of orexin and recovery of

consciousness . In a recent study by Mertel et al. on the sleep patterns of 32 DOC patients, the authors found

that MCS patients had a sleep pattern like control subjects. Specifically, in contrast with UWS, MCS and control

subjects slept more during the night than during the day. Regarding REM stage, 100% of control subjects and 88%

MCS patents presented REM sleep, whereas 44% of UWS did not have REM sleep. On the other hand, spindles

were absent in 62% of UWS and 21% of MCS, without any REM sleep, and with spindles in 12% and 21%,

respectively. Otherwise, the UWS patients did not show a night–day sleep circle and 44% and 62% did not show

REM sleep and sleep spindles. On the other hand, the number of SWS was practically the same in all groups .

The reappearance of the eye-opening periods, of the circadian rhythm, and of the behavioral sleep–wake cycle

represent signals of a return of awareness and arousal from a coma state to MCS . However, if significant

damage of the cerebral cortex exists, such as a loss of the cortical neurons or a reduction in the number of

interneuron connections in the cerebral cortex, axonal damage with degeneration of cortical neurons, or a

reduction in the activity of the caudal group of the nuclei of the basal forebrain, the PSG is insufficient. Loss of

cortical neurons and their connections is converted into a slowing down in cortical rhythm and the absence of high-

frequency activity of subcortical structures and synchronized postsynaptic excitatory potentials of cortical neurons

. Thus, sleep spindles are absent in EEG recordings. Therefore, the presence of spindles designates a

preserved cerebral cortex and a favorable prognosis . Spindles represent the preservation of thalamocortical

connectivity. Therefore, they have been considered as a predicted sign for plasticity and of early behavioral

awakening in comatose patients  and when absent, a poor outcome should be considered .

Regarding the REM phase, even though it has been shown that the REM phase in UWS patients was significantly

reduced, there was no correlation between the frequency of these activities and recovery of the clinical condition.

. Moreover, an impaired REM phase is a signal of compromised brain stem mechanisms. In one-third of UWS

patients and in more than half of MCS patients, preserved sleep spindles, rapid eye movement, and slow-wave

sleep with favorable outcomes were shown, but only when a high quality and quantity of sleep standard spindles

were present . To allow the best neurological prognosis, the EEG must be scored based on American Clinical

Neurophysiology Society (ACNS) terminology . The ACNS takes into consideration several EEG characteristics,
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such as time domain or frequency domain, that provided effective and comprehensible and applicable indices to

describe brain electrical activities under different states of consciousness. Therefore, a standard EEG recording

classified according to the ACNS terminology may improve the capability for neurological prognosis .

Recently, Wielek et al. investigated a multivariate machine learning technique to categorize sleep/wake stages in

DOC patients, which may represent an alternative to the standard PSG .
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