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SUMMARY

From a behavioral as well as neurobiological point of view, sleep and consciousness are intimately connected. A
better understanding of sleep cycles and sleep architecture of patients suffering from disorders of consciousness
(DOC) might therefore improve the clinical care for these patients as well as our understanding of the neural
correlations of consciousness. Defining sleep in severely brain-injured patients is however problematic as both
their electrophysiological and sleep patterns differ in many ways from healthy individuals. This paper discusses
the concepts involved in the study of sleep of patients suffering from DOC and critically assesses the
applicability of standard sleep criteria in these patients. The available literature on comatose and vegetative
states as well as that on locked-in and related states following traumatic or non-traumatic severe brain injury will
be reviewed. A wide spectrum of sleep disturbances ranging from almost normal patterns to severe loss and
architecture disorganization are reported in cases of DOC and some patterns correlate with diagnosis and
prognosis. At the present time the interactions of sleep and consciousness in brain-injured patients are a little
studied subject but, the authors suggest, a potentially very interesting field of research.
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ABBREVIATIONS

DOC disorders of consciousness
EEG electroencephalography
FMRI  functional magnetic resonance imaging

GCS Glasgow coma scale

ICU intensive care unit

LiS locked-in syndrome

MCS minimally conscious state
NREM  non-rapid eye movement sleep
PLM periodic leg movement

PPT pedunculopontine tegmentum
PSG polysomnography

REM rapid eye movement sleep
SC spindle coma

SWS slow-wave sleep

VS vegetative state
INTRODUCTION

An accurate and reliable assessment of arousal and awareness in disorders of consciousness (DOC) is of major
importance for patients' clinical management. Arousal can be regarded as the level of consciousness while
awareness, its content (Fig. 1). Progress in intensive care has led to an increase in the number of patients who
survive severe acute brain damage. Although some of these patients recover from their coma within the first days
or weeks after the injury, some permanently lose all brain function (i.e., brain-death) or motor function (i.e.,
locked-in syndrome, LiS), whereas others will progress towards a state of wakeful unaware-ness (i.e., vegetative
state, VS). Patients who recover from the latter condition typically progress through different stages before
reaching partly recovering (i.e., minimally conscious state, MCS) or before fully recovering consciousness. '
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Clinical practice has shown how challenging it is to identify unambiguous signs of conscious perception both of
the environment and of self in DOC sufferers. In consequence misdiagnoses of VS and LiS are common ( ~35%
and ~50% respectively ; for review see?). Bedside assessment of residual brain function in patients who are
severely brain damaged is difficult because motor responses may be very limited or inconsistent. DOC have also
been described according to electrophysiological criteria and, more recently, those of functional neuroanatomy. '
Neurophysiological studies rely mainly on the evaluation of continuous bedside EEG® or event-related
potentials* and can contribute to establishing diagnosis and prognosis. Functional neuroimaging brings a
pathophysiological point of view and is an additional diagnostic factor. It can, for example, provide an objective
measure of the regional distribution of cerebral activity at rest and under various conditions of stimulation.'
However the use of such techniques in DOC is methodologically complex, needs careful analysis and
interpretation, and does not permit establishing prognoses at the present time. Identifying markers of recovery in
DOC is even more challenging. Prognosis mostly depends on age, etiology and the time lapse since brain injury
along with the Glasgow Coma Scale subscores (GCS, the gold standard behavioral scale of responsivity in
DOC), serum levels of neuron-specific enolase (for anoxic coma), somesthesic evoked potentials and EEG of the
patient.

Sleep is a behavior usually characterized by the adoption of a typical posture and the absence of response to
external stimuli due to transient but reversible periods of unconsciousness which, in healthy individuals, are
accompanied by well-defined EEG changes.’ In DOC however, the operational electrophysiological definition of
wakefulness and sleep is problematic because oscillations recorded by EEG no longer reflect the same cellular
mechanisms as in normal physiological sleep. For example large amplitude slow waves do not necessarily
indicating deep non-rapid eye movement (NREM) or "slow-wave" sleep (SWS) as they do in normal sleeping
individuals. Sleep stage criteria are undefined in DOC and therefore to establish sleep staging, criteria need to be
explicitly defined.

The present paper focuses on the importance of neurophysiology for the evaluation of the biological rhythms in
DOC and their relationships with diagnosis and prognosis. In the first section we will discuss the importance of
evaluating biological rhythms such as the circadian rhythm to support the existence of sleep-wake cycles in
DOC. We will then address the difficulty in apply standard sleep scoring systems’ to these patients. Next we will
review the available data on sleep according to the different states of consciousness, that is to say brain-death,
coma, VS, the recovery of consciousness and LiS. No study on MCS, which was only introduced recently,*
could be found in the available literature.

STUDYING SLEEP IN DOC: CONCEPTUAL & METHODOLOGICAL ISSUES
Conceptual issues

Although it is well-known that sleep abnormalities are extremely common in critically ill patients,*’ their
mechanisms remain poorly understood and their fine-grained characterizations are still unknown. Firstly we
must highlight the differences found in DOC sufferers compared to that of healthy individuals. From a
behavioral point of view, normal sleep is usually preceded by the search for a safe place and a progressive but
reversible decrease in response to external stimuli and a decrease in motor activity. In DOC, assessing these
behavioral criteria is challenging and rarely conclusive.

From a physiological point of view, normal sleep is associated with well described cycles, stages, arousals and
micro-structures (e.g., K-complexes, spindles). The general limitations of the Rechtschaffen & Kales criteria’ in
clinical contexts have been summarized elsewhere.® In DOC the existence of such polysomnographic elements is
a matter of debate. As we will discuss, some authors suggest their persistence in some more "evolved state",
whereas others refute this.
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Another characteristic aspect of sleep is its regulation by homeostasic and circadian factors. In DOC the
available evidence for such regulators is scarce. In 10 patients in traumatic persistent. VS it was shown that
heart-rate and blood pressure did not show the normally observed nocturnal decrease during night hours.’
Perhaps this was because patients also slept during the day and might not have been sleeping at the recording
times. Another study with 16 persistent VS patients (12 postvascular encephalopathy) showed significant
circadian changes in body temperature and urinary excretion of hormones and sodium but observed no changes
in blood pressure or pulse rate. The authors also reported significant circadian variations in blood pressure and
pulse rate in five out of six patients who showed "a simple organized response to noxious external stimuli".
These finding suggests that the preservation of circadian rhythm may vary with the severity of brain damage or
with patients' "state of consciousness".'® One study held at an intensive care unit'' revealed the loss of circadian
secretion of melatonin in sedated "unresponsive" patients with severe sepsis. It appears that the very existence of
sleep and its characterization in DOC is a most challenging issue as these patients do not show the normal
behavioral, physiological and regulatory signs of sleep. Circadian and homeostatic factors are potent modulators
of sleep and it is therefore surprising that previous studies have not aimed to thoroughly investigate their
existence and possible diagnostic and prognostic value before focusing on any macro- or micro-structural sleep
changes. To this end the assessing of modifications in hormonal plasma levels (e.g., melatonin, Cortisol),
temperature, along with those of blood pressure, heart-rate and actimetry monitoring, should be performed first
to accurately outline circadian variations in DOC. Support for the presence of homeostatic sleep regulation in
DOC could be provided by wake extension protocols and the comparing of brain EEG before and after a period
during which patients would be prevented from closing their eyes using external stimulation.

Fig. 1. Level of arousal
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Earlier studies on coma suggested that the presence of EEG patterns resembling sleep may be reliable markers
for a favorable outcome.'*" It was reported that sleep patterns continue to become more complex during
rehabilitation therapy, paralleling patients' cognitive recovery.'* Some authors have used standard Rechtschaffen
& Kales sleep criteria to analyze the polysomno-graphic (PSG) data in DOC."** However, as many forms of
brain damage may result in a relatively similar clinical state of unconsciousness and as modification of brain
activity in DOC may substantially differ from physiological sleep patterns described by Rechtschaffen & Kales,
those criteria are probably not applicable for sleep staging in severely brain damaged patients. We suggest that
these scoring criteria need to be adapted for the study of sleep-wake patterns in pathological DOC. To this end
the visual adaptive scoring system (which describes vigilance levels®), or the analysis of micro-arousals'® may be
useful alternatives.

In conclusion, the study of sleep is of particular interest in DOC with various different etiologies as it can
provide relationships between some graphoelements and functional neuroanatomy. Whereas waking patterns, in
non-comatose patients, only indicate the persistence of the reticular activating system. As an example, spindles
may reflect the preserved functional integrity of the thalamus; SWS and REM sleep may reflect residual
functioning of brainstem nuclei; and the circadian organization of sleep patterns are informative of residual
hypothalamic functioning. Nevertheless the analysis of waking EEG, cleaned for muscular artifacts (which are
often exacerbated in DOC) and eye-blinks may also yield useful diagnostic and prognostic information.
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Methodological issues

In intensive care units the environmental factors are often not conducive to sleep. For example, mechanical
ventilation can cause considerable sleep disruption. Research on sleep in DOC sufferers needs to control factors
such as ventilator modes. Further factors contributing to sleep abnormalities in intensive care units include acute
systemic illness, pain and discomfort or increased alertness induced by continuous exposure to light, noise and
nursing activities. Importantly, sleep deprivation is known to have a negative impact on behavior but also on
immune and endocrine functions."” It may also induce sympathetic activation and elevation of blood pressure,
which in turn can be a factor in patient morbidity.” On the other hand circadian conditions in rehabilitation
centers or at home are generally more favorable and sleep disturbance may be minimized. It is therefore
suggested that optimizing sleep efficiency in order to promote optimal neuro-behavioral functioning is an
important issue that clinicians may want to address.

PSG is the only tool allowing reliable evaluation of sleep in DOC but recording good quality signals is very
challenging due to artifacts caused by perspiration, thermal dysregulation, skin and skull lesions, electrical
artifacts from life-supporting devices and other signs related to vegetative or autonomous function "storms" in
this patient population. When looking at the basic EEG structure, the first examination made is to test for
reactivity (i.e., a change in EEG caused by external sensory stimulation). Painful or auditory stimuli are usually
used for this purpose and the presence of EEG reactivity often indicates a less severe level of coma.?

Another evaluation, although rarely used in the field of coma, concerns arousal organization which is linked to
sleep's micro-organization. Arousal can be defined as simultaneous changes in the EEG along with autonomic
system and somatic motor activity.' Compared to healthy individuals, patients with DOC do not exhibit the
normal arousal alternations also known as "standard cyclical alternating patterns".'® In these patients, changes in
brain activation may be very slow, lasting a number of seconds or even minutes, and are not always rhythmic.
These arousal alternations are often more extreme than normal and may even be life-threatening, especially those
occurring in the vegetative system (e.g., involving cerebrospinal fluid pressure increases'?). The contrast between
the extreme changes in sleep microstructure seen in the damaged brain and the diffident ones in the normal brain
suggests a process in which arousal control mechanisms have been altered in DOC.

The well-known advantages of EEG recording include its high temporal resolution and its non-invasive nature,
along with its portability and low cost. EEG is also useful in excluding non-convulsive status epilepticus and in
providing a rough but objective guide as to the degree of cortical and subcortical dysfunction in DOC.? Its main
limitation is the lack of specificity (e.g., diffuse slowing of background rhythms is seen in various
encephalopathies regardless of etiology®). Another limitation of EEG is its low spatial resolution. With the
possible exception of high-density EEG, source reconstruction is possible but it never equals the spatial
resolution of functional magnetic resonance imaging (fMRI) and remains more difficult for use on deep brain
structures. The EEG can also be contaminated by uncontrolled eye movements and muscle activation which
regularly occurs in DOC. Sophisticated correction methods, using for example Independent Component
Analysis, may be necessary in order to obtain clean EEG data exploitable for scientific and clinical
interpretation.

BRAIN-DEATH

Until recently, studying sleep in brain-dead patients seemed pointless as the EEG is invariantly isoelectrical in
this condition.' However a case-report recently described sleep-like periodic leg movements (PLM) in brain-
death.?! Following a massive intracranial hemorrhage, a 50 year-old man remained comatose for 24 h and then
was examined for 12 h before being diagnosed brain dead. Over this period leg movements, very similar to
natural PLM during sleep in terms of both behavioral characteristics and periodicity, were observed for 30 h.
Several earlier reports have described PLM during sleep although patients were suffering from severe
brainstem? and spinal cord lesions.” This case-report suggests that, although the anatomical substrate involved
in the generation of PLM remains unclear, PLM in sleep and in brain-death may share a common mechanism.
The authors speculate that the brainstem looses its control over the descending spinal pathway during classical
PLM in sleep as it does in brain-death.
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COMA

In coma the EEG often shows a generalized slowing in the delta or theta range. Other EEG patterns that can be
encountered include alpha-coma, burst-suppression and epilteptiform activity.? No differentiation between
normal sleep and pathological slow waves has been illustrated in the literature. However continuous delta
activity in coma should not be mistaken for normal SWS. Coma can be considered as a dysregulation of the
brain's arousal system caused by diffuse brain damage or by focal brainstem lesions. The arousal system can be
considered at three levels: (1) an upper level encompassing cerebral cortex and white matter; (2) a middle level
encompassing thalamus and upper brainstem; and (3) a lower level encompassing lower midbrain and pons.
Although the upper level does not seem to be necessary to sustain arousal and is instead linked with awareness,
brain damage at any or all these levels may result in coma or various arousal and EEG alterations.*"

The rare literature concerning sleep in coma mainly deals with spindle coma (SC). SC is an EEG pattern in
which physiologic sleep elements, resembling sleep spindles in the 9-14 Hz range, vertex sharp waves and K-
complexes, are superimposed on a background of delta (<4 Hz) and theta (4-8 Hz) activity. The occurrence of
such physiological patterns resembling NREM sleep were first studied by Chatrian et al."* who described NREM
elements such as slow waves and spindles in traumatic DOC. Further work showed that nontraumatic causes,
mainly metabolic, infectious and hypoxic encephalopathy* or syncope® may also result in SC. However, in a
study of 370 comatose patients of different etiology, less than 6% showed a SC pattern.?® In reviewing the
literature, Kaplan and colleagues” postulated that SC could be a more benign form of coma (with 25% mortality
rate) and that the combination with EEG reactivity to noxious stimuli heralds a favorable outcome, independent
of the etiology.

Some earlier studies have also indicated that sleep spindles may carry prognostic information. It was
subsequently shown that the presence of spindle activity after hypoxic or anoxic injury does not always indicate
a good outcome. However the absence of spindles or EEG background reactivity does predict a poor outcome.*®
A more recent study supports these findings in comatose children and concludes that the reappearance of sleep
patterns and sleep spindles is sign of good prognosis. In traumatic coma, these sleep elements are more
frequently observed than in anoxic cases.”

Spindle activity may depend on the time since coma onset. Such activity occurred in 91% of cases if recorded
within 1-2 days after injury and in 30% of more prolonged cases (3-12 days).*® A clear distinction between a
coma characterized by a continuous spindle pattern and a coma with occasional sleep cycles and spindles has,
not yet been reported. It is to be noted that the former condition represents SC stricto sensu and is rare (5%7).
The topography and temporal dynamics of spindle activity, as well as the presence of different spindle types in
coma, have not yet been thoroughly investigated. It is assumed that spindle coma represents a combination of
physiological sleep and coma, the latter accounting for the failure of arousal. In humans, the pathophysiological
mechanism of SC is presumed to be the preservation of pontine raphe nuclei and thalamocortical circuits
subserving sleep spindle activity, together with the impairment of ascending reticular activating pathways at the
midbrain level that maintain wakefulness.>'** Future research should agree on a common definition of PSG
evaluation over the course of a coma.

Over and above the SC topic, a few authors used PSG in order to determine the severity of brain damage in
coma. A study in 138 unselected patients recorded within seven days of head injury showed prognostic
differences based on the assessment of arousal related phasic activity involving EEG, motor and autonomic
changes (Table 1, left column).** PSG data were superior predictors of outcome when compared to the Glasgow
coma scale (GCS) scores at the time of recording. Similarly, the predictability of different levels of sleep-wake
organization in traumatic coma (Table 1, right column) was compared to other indexes such as neuroradiological
findings, age or GCS scores.* The presence of sleep-like patterns rather than GCS scores was shown to be
indicative of a better outcome. NREM sleep elements such as K-complexes and sleep spindles as well as rapid
eye movement (REM) sleep elements alternating with NREM sleep elements were also indicators of a better
outcome. In contrast, a poor outcome was indicated for patients who had only monophasic EEG or a cyclic
alternating pattern with absence of sleep elements.

In conclusion, the more the comatose patient's brain activity resembles normal healthy sleep, the better the
prognosis. It appears that there may exist indicators of good outcome such as spindles, phasic arousal activity
and the conservation of sleep stages. This would justify the use of PSG in the clinical routine. Disruptions of
sleep patterns and NREM phasic events (e.g., spindles) are often found in the early stage of coma. Given that
human spindle generators are located in the thalamus, it is tempting to hypothesize that the absence of spindles in
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coma results from the interruption of either the ascending reticular thalamocortical pathway or of thalamocortical
loops. The absence of sleep-wake cycles seems associated with brainstem or hypothalamus dysfunction and
preliminary evidence suggests this may be associated with a poor outcome.

The difficulty in interpreting the literature data on SC resides in the variable methodology of
electrophysiological recordings and the difficulty of comparing clinical entities, etiologies and outcomes.
Prolonged PSG has hardly been employed in DOC and the use of EEG has been variable in terms of the time
since the injury occurred, time and duration of recording and the lack of standardized stimulation conditions. The
study of sleep organization in coma remains uncommon despite its possible prognostic interest and prolonged
PSG is not performed as part of the clinical routine assessments in intensive care units. Most published studies
involve a small number of patients with varying and sometimes suboptimal methodology. Nor do they take into
account possible confounding factors at the intensive care units. Given that comatose patients, by definition,
cannot be clinically aroused (based on the absence of eye-opening), most studies do not consider possible cyclic
changes in brain activation.

Table 1 : The arousal (Evans et al., 1995, left column) and sleep (Valente et al., 2002, right column) scales in
coma.

Arousal scale Sleep scale

1 ) No spontaneous arousal activity 1 ) Monophasic: continuous low voltage theta-
delta activity

2) Abnormal spontaneous arousal activity 2) Cyclic alternating pattern: absence of sleep

without EEG changes elements in the presence of recurrent abnormal
activity

3) Phasic activity related to abnormal 3) Rudimentary sleep: presence of rudimentary

spontaneous arousal including EEG changes NREM sleep elements (spindles, K-complexes)

4) Sleep-like traces with K-complexes 4) NREM sleep: presence of well-structured

responsive to stimulation elements of NREM sleep

5) Wakeful traces with normal alpha in at least 5) REM: presence of REM sleep elements (REMs,

one hemisphere muscular twitches, saw-tooth waves) alternating

with NREM sleep

The arousal patterns 3-4 indicate good outcome whereas pattern 1 indicates bad outcome.
The sleep patterns 3-5 indicate good outcome whereas patterns 1-2 indicates bad outcome.

VEGETATIVE STATE

Only a few research groups have written about sleep in VS (Table 2). Compared to the healthy control group,
only minor sleep alterations were found in 9 traumatic patients with good outcome and no sleep patterns were
found in one permanent VS patient.* In another study it was brought to light that patients "in the last remission
stages" went through all sleep stages with an increase of total sleep time and the amount of all sleep stages in
comparison to patients "in the first remission stages" of VS.*” As discussed above, spindle activity may be
related to both injury severity and recovery. Evidence of spindles, although always reduced in density and
duration, was found in 11 out of 20 traumatic and 3 out of 10 hypoxic VS patients.*® In addition, the authors
showed an increase of spindle density from 5 to 12 per min paralleling the clinical recovery of traumatic patients.
As for coma, these results suggest spindles as potential markers of good outcome in VS but more studies are
warranted.

Other authors focused on REM sleep in VS patients. An earlier study has shown the occurrence of nystagmus in
wakeful and REM stages of 6 vegetative patients.* The same authors also showed both a degradation of REM
sleep and specific phasic events such as the number of rapid eye movements in 11 traumatic VS patients.'> These
findings might reflect possible damage or dysregulation in the pedunculopontine tegmental cholinergic structures
in VS. Nevertheless, other phasic events such as sleep-related erections*’ seem to be preserved. At present, no
correlation between REM parameters and recovery from VS could be shown.

Although brainstem mechanisms responsible for sleep-wake cycles and for the appearance of REM sleep seem
largely preserved in VS, the marked reduction in phasic REM activities in patients suggests that other brainstem
mechanisms might be affected. As neural generators of phasic and tonic REM sleep components are localized in
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the pontine tegmentum,*' the decrease in the densities i of the REMs and muscles twitches during REM sleep
may reflect possible damage to the cholinergic mechanisms of the pedunculopontine tegmentum. In animal
studies, these have been demonstrated to be critical for REMs and ponto-geniculo-occipital waves, but not for
EEG desynchronization and muscular atonia.” Nevertheless, lesions in the pedunculopontine tegmentum do not
affect the duration of REM sleep episodes suggesting that non-cholinergic cells also play a critical role in the
maintenance of REM sleep. Indeed, serotoninergic cells in the dorsal raphe and noradrenergic cells in the locus
coeruleus appear to be implicated in the suppression of phasic events.**? Interestingly, an MRI study of early
post-traumatic VS patients showed that lesions in the dorsolateral brainstem and corpus callosum are predictive
of non-recovery.*

Overall, in the reviewed literature, the provided details on studied patients remain insufficient and standardized
methods were rarely used to assess behaviorally the level of consciousness. One study reported the absence of
sleep-wake cycles in 4 out of 12 VS patients.* This may pose a problem with regard to our clinical criteria of
VS, as the presence of behaviorally assessed sleep-wake cycle is currently needed for its diagnosis. In summary,
large cohort studies of well-documented VS patients are of great necessity to (1) provide a better understanding
of the presence (or absence) of sleep-wake cycles in vegetative (and minimally conscious) states, and (2) to
reveal more detailed relationships between the various brain injuries, sleep parameters and their clinical
outcome.

Table 2: Studies on sleep in the vegetative state.

Reference n  Etiology Interval Sleep observations EEG/PSG

Gordon & 6  Trauma 3-96m  Stage | & REM nystagmus PSG (24 h)

Oksenberg 1993

D'Aleo 1994a 20 Trauma NM Spindles in 53.3% Nocturnal
PSG

10 Hypoxia NM Spindles in 30%

D'Aleo 1994b 20 Trauma NM Stage I, 11, III, IV, REM and spindling increase with recovery Nocturnal
PSG

Giubilei 1995 10 Trauma <6m Normal sleep architecture and sleep fragmentation in 9 Nocturnal

patients. No sleep rhythm in 1 PSG

Oksenberg 2000 9 Trauma 1-8m Normal sleep-related erections 24 h PSG

Oksenberg 2001 11 Trauma 2-5m REM pattern modification, REM phasic activities reduction 24 h PSG

Isono 2002 12 NM NM No sleep-wake cycle in 33% 24 h EEG

NM = not mentioned.

RECOVERY FROM COMA

As the minimally conscious state criteria were only defined in 2002,* no article concerning sleep in MCS
patients could be identified. We have thus reviewed literature on patients who recovered consciousness after
injury and who were studied in neurorehabilitation centers or in their homes.

George and colleagues were amongst the first to use longitudinal EEG recordings in severely brain damaged

patients. They showed disturbances in wakefulness during sleep and REM sleep during recovery from coma.
Symptoms of insomnia were reported by 70% and 37% of the patients (n = 60) at 1.5 and 3 months after coma
recovery, respectively.*® Other authors reported insomnia complaints shortly after recovery (at 3.5 months) and

predominant hypersomnia complaints 29 months after recovery from traumatic coma.*’ Surprisingly, a
longitudinal study of 130 patients of all etiologies found that the more severe the brain injury the less likely
patients exhibited such sleep disturbances.” Otherwise, early studies in DOC indicated a high correlation
between cognition and REM sleep improvement in 7 traumatic patients 9 months after regaining consciousness. '

Other studies brought to evidence abnormal "multiple sleep latency test" values, sleep disruption, sleep-
disordered breathing and daytime sleepiness in 184 somnolent patients who recovered from traumatic coma.’! In
addition, "multiple sleep latency test" alterations were positively correlated with injury severity. In line with

these findings, other authors reported hypersomnia in 47% of brain damaged patients (n = 71 ) and also noted a

relatively high prevalence of sleep apnea-hypopnea syndrome and periodic limb movement disorder.*? It was
also shown that insomnia is linked with both the presence of milder traumatic brain injuries as well as

depression.” These authors suggested that the determinants of insomnia may differ from the acute to post-acute

46,47
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phase, with neurological factors playing a primary role early in the recovery process and psychosocial factors
occurring at later stages. They next showed that 42% of the post-comatose population were found to suffer from
insomnia.** Surprisingly, poor sleep quality and insomnia were much greater for the rehabilitation comparison
group (e.g., spinal cord injury and musculoskeletal diseases). This may suggest that the comparison group might
have undergone more severe psychosocial stressors (like anxiety and depression) leading to increased sleep
disturbances but the underlying reasons remains unclear.

A series of studies by Ouellet and Morin focused on insomnia after traumatic brain injury.” Comparing
subjective (i.e., sleep diary) and objective (i.e., nocturnal PSG) sleep measures, these authors showed that brain-
injured patients have a tendency to overestimate their sleep disturbance, as normal insomniacs often do. They
also described an abnormally high proportion of stage 1 sleep, long lasting awakenings, as well as a shorter REM
sleep latency.*® They next analyzed 452 recovered traumatic coma survivors and showed that 80% reported
insomnia symptoms or syndrome, the majority of the latter being untreated, and that the associated risk factors
were milder traumatic brain injury, depression and pain.’’ They also published a single-case study about
cognitive behavioral therapy for insomnia.*® The effects of this treatment revealed a normalization of total sleep
time and wake after sleep onset, of sleep onset latency, as well as sleep efficiency. The majority of gains were
well maintained at 1- and 3-month follow-up assessments, suggesting that sleep disturbances in recovered
traumatic coma can be treated with standard non-pharmacological interventions.

In conclusion, patients who recover consciousness after coma may undergo various sleep disturbances (see Table
3) including insomnia, hypersomnia, sleep pattern and latency modifications -the latter often being associated
with fatigue problems. One study suggests that REM density may be regarded as an index of cognitive
recovery.'* Slow-wave sleep seems relatively preserved compared to the other vigilance states but
thalamocortical dysfunction causing sleep disturbances may persist after recovery from coma. These
disturbances are often reported as being independent from etiology but almost all reviewed studies included
traumatic injuries. Additional data is needed to investigate sleep disturbances in non-traumatic patients, the
problem being that they regain consciousness more rarely. The described sleep disturbances are found to be
strongly correlated with injury severity, and less with age, sex, mood and interval between injury and
investigation. Injury severity, however, is often a subjective descriptive variable and fails to take into account
injury localization and extension, coma duration and other neurological confounding factors. Until now most of
the authors do not specify the duration of coma and the interval between injury and investigation. In general, the
reviewed literature employs different PSG setups, preventing valid comparisons between studies. Longitudinal
studies using PSG of minimum 24 h duration as well as standardized behavioral scales in clearly documented
patient populations would permit a better understanding of sleep disturbances following long-term recovery after
acute brain injury.

Etiological factors of sleep disorders in the context of brain injury are manifold and include factors that
predispose some patients to develop those disorders (presence of a psychiatric disorder, increased physiological
vulnerability), factors that trigger disorders onset (psychological reactions to brain injury related stressors, side
effects of treatments, pain), and factors that are instrumental in the maintenance of disorders over time
(maladaptive sleep behaviors, dysfunctional attitudes and beliefs about sleep). Fatigue, mood disturbances, and
exacerbated cognitive deficits are among the possible consequences of sleep alterations in recovered DOC
patients, although much more research is needed to document the effects of these disturbances on patients'
cognitive functioning. Despite the high prevalence of sleep problems and their likely negative consequences,
there are very few studies concerning their treatment. Although the prescription of hypnotic medications may be
an effective method to treat sleep disorders, long-term use is often problematic. Considering that sleep alterations
are very prevalent in DOC even several years after the injury, it may be important to offer alternative or
combined pharmacological and psychological treatment options.*® Available data collected in otherwise healthy
individuals suggest that cognitive behavioral therapy would represent a promising therapeutic option and could
successfully be integrated in DOC patients' routine care. The same holds for alternative treatments based on
neurofeedback.” Early evaluation and treatment of sleep disturbances in patients who have recovered from coma
should be considered as an integral part of their rehabilitation process.

LOCKED-IN SYNDROME

The literature on sleep in locked-in syndrome (LiS) patients is scarce and relatively old (see Table 4).
Guilleminault and colleagues were amongst the first to work on sleep in LiS.® They described a case with
unspecified brainstem lesion having hyposomnia without REM sleep abnormalities. According to subsequent
studies, it appears that the more extended the pontine lesion, the more pronounced the sleep disturbances,
especially for REM sleep. The lesion severity increases in case of bilateral or dorsal extension, and of
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tegmentum involvement, especially if the raphe nucleus also is lesioned. The observed spectrum of altered sleep
in LiS can vary from almost normal sleep patterns®"® to severe sleep quantity decrease,** disorganized NREM

sleep

61,62,66

and stage 4% or REM absence.***%¢7 In rare cases, LiS patients presented only minor sleep

abnormalities even when having severe pontine lesions and persistent neurological deficits.®® Note that all except
2 cases of the reviewed literature are of vascular (ischemic or hemorrhagic) origin and that the
"unresponsiveness" state preceding the LiS diagnosis is not always clearly documented.

Further studies providing detailed clinical and PSG data are necessary in order to better understand the
relationship between brainstem lesions and sleep disturbances in LiS. Finally, as we mentioned for recovered

patients, careful attention must be given to the larger psychosocial context in which sleep disorders may emerge,
particularly to the role of emotional disturbances which are certainly very important in LiS patients.

Table 3: Studies on sleep in recovery from coma.

Reference n Ethiology Interval Sleep Correlation with Sleep scales Other EEG/PSG
disturbances
Kashavan 60 All 1.5and 3 Hyposomnia: Time since injury None Symptom report None
1981 months  70% at 1.5 m and
37% at 3 m.
Geroge 16 Trauma NM Intra-sleep wake Injury severity None None Nocturnal EEC
1981
Geroge Trauma NM Intra-sleep wake Injury severity, None None Nocturnal EEC
1986 & REM patterns  age
Cohen 22 Trauma 3.5 Insomnia Injury severity, None Sleep questionnaire None
1992 months time
77 29.5 Hypersomnia since injury None 38 items
months
Segalowitz 3666 Trauma  Variable Sleep difficulties NM None 6 items from a general ~ None
1995 health questionnaire
Perlis 1997 39 Trauma 2 years Insomnia None None Questionnaire 34 items  None
Clinchot 1998 130 All 12 months Insomnia, Injury severity, None Phone Interview None
hypersomnia sex
Frieboes 1999 13  Trauma  15.5 Stage I & REM  None None None Nocturnal PSG
months  patterns
Guilleminault 184 Trauma  15.5 ESS and MSLT  Injury severity Epworth Sleep Disorders Nocturnal PSG,
2000 months  patterns sleepiness (ESS), Questionnaire, asleep & sleep
Stanford Wilkinson Addition deprived
Test, Tapping EEC, MSLT
Test, Psychovigilance
Test
Fichtenberg 91 Trauma NM Insomnia Injury severity, None Self-reported pain None
2000 depression disturbance
Masel 71 Al 38 months Sleep & MSLT  None ESS, Pittsburg Apnea Index, Periodic Nocturnal PSG,
2001 patterns, sleep Sleep
apnea
Quality (PSQ) Leg Mvt Index MSLT
Fichtenberg 50 Trauma 4 months Insomnia None PSQ Sleep diary None
2002
Borgaro 2005 47 Trauma NM Fatigue None Home-maid Home-maid screen for ~ None
fatigue scale higher cerebral function
Ouellet 2006 14 Trauma 21 months Insomnia, sleep  None Multidimensional Sleep diary Nocturnal PSG
(Sleep Med) fragmentation, Fatigue Inventory
stage | increase,
REM latency
decrease
Ouelled 2006 452 Trauma NM Insomnia Injury severity, None Sleep questionnaire 38  None
(J Head depression, pain times
Trauma)

NM = not mentioned.
MSLT = multiple sleep latency test.
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Table 4: Studies on sleep in locked-in syndrome.

Reference n Etiology  Interval Lesion localization Sleep disturbances EEG/PSG

Guilleminault 1 NM NM NM Hyposomnia NM

1973

Freemon 1974 1 Vascular 35d Pons/tegmental/raphé  Hyposomnia, no stage IV Nocturnal PSG

Markand 1976 5 Vascular  4d-8m Bilateral Hyposomnia, no REM EEC, PSG (min. 6 h)
2 pons/tegmental Pons ~ Negligible

Cumming 1977 1 Vascular  6m Pons/tegmental Pons  No SWS, no REM Nocturnal EEC, 12 h
1 Negligible EEC

Baldy-Moulinier 1 Trauma 54d Pons High hyposomnia Low EEC, 24 h PSG

1977 1 Vascular 17d hyposomnia

Tamura 1983 6 Vascular  1d-6m Pons/tegmental Lower Disorganized non-REM, no PSG (min. 10 h)

brainstem REM No SWS

Lavie 1984 1 Trauma NM Pons Almost no REM Nocturnal PSG

Autret 1988 4 Vascular 30d-6 m  Pons/tegmental Hyposomnia 34 h PSG

Oksenberg 1991 1 Vascular  Sw Pons/tegmental Negligible 34 h PSG

NM = not mentioned.

CONCLUSION

In summary, DOC are often linked with alterations of sleep. In the comatose state, the patient by definition
shows no eye-opening and no sleep-wake cycle. However, a variety of arousal responses have been shown and,
in certain cases, NREM and REM graphoelements may emerge. In the VS, patients by definition show transient
periods of eye-opening and sleep-wake cycles. However, very few studies provided empirical evidence for their
residual sleep architecture. Most of the existing literature deals with spindling activity and REM changes related
to recovery from coma. It should be emphasized that some of the patients being reported as VS may in fact be
MCS (as the latter clinical entity was only defined in 2002) meaning that the reviewed studies might have mixed
both entities. In the LiS, sleep alterations are very variable and depend mainly on brainstem lesion severity.
Finally, in patients recovering from coma, hypersomnia and insomnia are common phenomena. It does not
appear that there are distinct defined polysomnographic patterns which clearly define each of the reviewed DOC.
Additionally, there is no data indicating that sleep in DOC is still under normal circadian and homeostatic
control (except for patients showing recovery of consciousness). Future studies should therefore aim to use
prolonged PSG recordings together with circadian measures in well-documented patients. These tools might help
to further differentiate the different DOC states, and especially the hardly distinguishable VS and MCS patients.
Some studies have reported of a clear relationship between general mental ability and frontal spindle activity,”
suggesting that spindles may be different between VS and MCS. Other studies have also shown decreases in
spindle density in some psychiatric conditions such as schizophrenia.”

Sleep data in DOC also appear useful for prognostic use. SC is associated with a better outcome than other coma
patterns but is rarely encountered (5% of cases®’). In comatose and vegetative states, brain activity resembling
standard sleep elements like spindles seem predictive of better outcome but more longitudinal sleep studies are
needed in order to evaluate whether sleep (dis)organization is a reliable outcome marker in individual patients. In
the LiS, no study investigated the possible prognostic value of sleep assessments.

From a methodological point of view, studying sleep in DOC is particularly challenging. Adapted and validated
standardized behavioral scales (for review see?) are rarely used in sleep research in DOC. Prolonged PSG in
clinical or rehabilitation environments is difficult because artifacts may arise from medical and nursing activities
and from clinical instability of DOC patients encompassing "vegetative storms" (particularly during the acute
and subacute stages of injury). All these factors make the recording of reliable EEG a real challenge in these
non-collaborative severely brain damaged patients. In addition, the different studies use different PSG protocols
making data comparisons difficult. Another problem is that PSG signals in DOC are often so much altered that
standard sleep criteria can hardly be used for sleep stages scoring. Nevertheless, the systematic and objective
evaluation of sleep might offer a promising way to better understand residual brain activity and refine diagnosis
and prognosis in DOC.
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Practice points

In disorders of consciousness,

1) the existence of a sleep-wake cycle as a circadian and homeostasic phenomenon has not been thoroughly
investigated;

2) the standard sleep scoring rules are of unknown applicability;

3) the available data on sleep are heterogeneous and their diagnostic and prognostic value remain unproven.

Research agenda

In the future, research in DOC should aim to:

1) use prolonged heart-rate, blood pressure, body temperature and hormonal monitoring to assess the existence
of circadian control and use wake extension protocols to assess its possible homeostasic regulation;

2) define new objective markers for vigilance and sleep in prolonged polysomnographic recordings;

3) more consistently correlate sleep data with different clinical entities encountered following coma and
especially their long-term prognosis.
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