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Abstract
Fourteen patients with severe brain injuries and chronic disorders of consciousness underwent polysomnographic recordings 
for a 24-h period. Their electrophysiological data were scored using a modified sleep staging system employed in a previous 
study of similar patients (J Head Trauma Rehabil 30:334–346, 2015). In addition to sleep scoring, the patients’ data were 
compared with a sample of approximately age-matched healthy volunteers in the spectral domain. All patients demonstrated 
some form of a sleep–wake cycle; however, the integrity of normal sleep features was remarkably heterogenous across indi-
viduals, and in some cases, sleep was significantly impoverished. In three patients, these cycles were biphasic and comprised 
of only alternating periods of wakefulness and sleep-like electrophysiological activity. Two patients demonstrated a sleep–
wake cycle that included all sleep stages aside from non-REM stage 3, and another two patients demonstrated a sleep–wake 
cycle that included all sleep stages aside from REM sleep. The remaining seven patients, which included patients diagnosed 
as being in a minimally conscious state and patients diagnosed as being in a vegetative state (unresponsive wakefulness 
syndrome), demonstrated full sleep architecture, including k-complexes, REMs, and slow wave sleep. However, three of the 
patients with full sleep architecture did not generate sleep spindles. Altogether, these findings highlight the heterogeneity of 
brain function among patients with disorders of consciousness, regardless of their diagnostic category. Polysomnography is 
a useful tool to complement other behavioural and physiological assessments that characterize the abilities of each patient.
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Introduction

Following a severe head injury, many survivors enter a 
transient, non-responsive state referred to as coma. While 
some patients who recover from a comatose state regain 
awareness, a small number of patients exhibit altered states 

of awareness for the remainder of their lives. Collectively, 
these prolonged, altered states of awareness are known 
as chronic disorders of consciousness [1]. The vegetative 
state (unresponsive wakefulness syndrome) comprises the 
absence of voluntary behaviour alongside cycles of eye 
opening and closing [2]. In contrast, the minimally con-
scious state is ascribed to patients who demonstrate vari-
able, but reproducible, overt volition, and emergence from 
a minimally conscious state is indicated when the patient 
demonstrates reliable voluntary behaviour [3]. Although 
all patients with chronic disorders of consciousness remain 
dependent on others for complete care, the vegetative state 
(unresponsive wakefulness syndrome) is distinct from the 
other disorders because this condition implies the absence 
of awareness. In the past 25 years, researchers, clinicians 
and others interested in patient welfare have exerted increas-
ing efforts to better understand this complex condition of 
apparent wakefulness without awareness. The study of sleep 
in these patients may provide insight into the nature of the 
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underlying neural trauma, as well as the consequences in 
terms of disruptions to awareness and cognitive capacity.

From a neuroanatomical perspective, sleep–wake cycles 
occur through the regulation of the thalamus and cerebral 
cortex by diffuse afferent connections from the ascending 
reticular activating system [4, 5]. Accordingly, patients with 
disorders of consciousness who exhibit sleep–wake cycles 
presumably have intact reticular activating systems [1]. 
Aside from cyclical regulation, sleep comprises many com-
plex neurological processes associated with a continuum of 
conscious states. For example, rapid eye movement (REM) 
sleep is associated with neural activity that closely resembles 
wakefulness, and healthy sleepers awoken during REM sleep 
frequently report vivid, structured dreams [6, 7]. In contrast, 
non-REM sleep is characterized by down-regulation of the 
cortical interactions associated with consciousness [8–10]. 
Healthy sleepers awoken during non-REM sleep typically 
report dreams of a duller sensory and perceptual quality, if 
they report any dreams at all [11, 12]. From a clinical per-
spective, sleep integrity has well-documented associations 
with physical and mental health. For example, insufficient 
sleep is associated with metabolic disruptions [13] and an 
increased risk of cardiovascular disease [14]. Moreover, 
insomnia is a symptom of, and a risk factor for, depression 
[15]. For patients who are behaviourally non-responsive, 
sleep thus provides an important window into their other-
wise inaccessible subjective experiences and related health 
outcomes.

The sleep and circadian rhythms of patients with disor-
ders of consciousness have previously been described for 
clinical purposes. Overall, patients diagnosed as being in 
a minimally conscious state tend to exhibit more preserved 
sleep architecture than patients diagnosed as being in a veg-
etative state (unresponsive wakefulness syndrome) [16–19]. 
Further, slow wave sleep correlates with more overt signs of 
awareness in most of these patients [20–23]. The circadian 
rhythms of patients with chronic disorders of consciousness 
are quite variable, with reports of periods ranging from 6 to 
63 h in one study [24] and 23–26 h in another study [25]. 
Furthermore, other investigators have reported no circadian 
rhythmicity at all among these patients [26, 27].

Some variability in the sleep architecture of patients with 
disorders of consciousness presumably owes to the diffuse 
and variable brain injury characteristics of these disorders. 
Other environmental factors, such as bedside noise or pre-
mature awakening by caregivers, and medical factors includ-
ing acute illness, insufficiently managed pain, or postural 
discomfort, likely further contribute to sleep abnormalities 
in these patients [28]. From a procedural standpoint, the 
assessment of sleep architecture in patients with disorders 
of consciousness is technically challenging because these 
patients variably exhibit standard electrophysiological sleep 
criteria. Several studies of sleep in patients with disorders 

of consciousness employ custom, adapted sleep staging cri-
teria to overcome this issue, e.g., [19, 29, 30], while others 
rely upon automated, data-driven approaches, e.g., [18, 31, 
32]. Furthermore, patients with disorders of consciousness 
tend to generate more artefacts than healthy volunteers dur-
ing physiological recordings, typically owing to involuntary 
movements, stray electrical noise from bedside equipment, 
and excessive sweating. Finally, many patients exhibit dis-
ruption to the timing and duration of sleep episodes. This 
warrants the use of 24-h polysomnographic (PSG) record-
ings in order to fully capture the extent of sleep disruptions.

In this investigation, 24-h polysomnographic recordings 
from 14 patients with chronic disorders of consciousness are 
described. Because the convenience sample of patients was 
heterogeneous with respect to age, the polysomnographic 
recordings of two separate groups of approximately age-
matched volunteers without brain injuries (older and younger 
adults) are also presented to represent age-related changes in 
sleep. The sleep data were quantified in the time domain and 
categorised using customised sleep staging criteria from a 
previous investigation [33]. In our work, analyses were used 
to further quantify the data in the frequency domain in line 
with recent findings concerning spectral profiles of altered 
conscious states during sedation [34–36]. It was predicted 
that patients with more overt signs of awareness would dem-
onstrate relatively preserved sleep architecture compared to 
patients with fewer overt signs of awareness.

Materials and methods

Participants

Patients in this study comprised a convenience sample 
recruited as part of a larger, on-going research programme 
concerning perception and cognition following acquired 
brain injury. Fourteen patients contributed data of suffi-
cient duration and quality for inclusion in the current inves-
tigation. The patients ranged in age from 14 to 65 years 
(median = 53). The diagnosis of each patient was determined 
according to their best performance during the administra-
tion of the coma recovery scale-revised prior to their partici-
pation in the sleep study [37].

Demographic and clinical information is presented in 
Table 1.

The healthy participants in the study comprised older 
and younger adults recruited for two unrelated investi-
gations. The data used in this study were collected as a 
baseline screening night for the unrelated investigations. 
The younger healthy volunteers (n = 17) ranged from 20 
to 29 years of age (median = 21 years), while the older 
healthy volunteers (n = 20) ranged from 30 to 62 years of 
age (median = 36 years). An initial telephone interview 
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was used to exclude participants for atypical sleep patterns 
(sleep time outside the approximate hours of 10:00 PM to 
9:00 AM), shift work, head injury, regular cigarette smok-
ing and excessive alcohol consumption, use of medications 
known to affect sleep, and history of chronic pain. Partici-
pants were required to abstain from drug use, caffeine, nico-
tine, and alcohol at least 3 days prior to, and throughout the 
duration of, the study. Participants were also asked to keep 
consistent sleep routines throughout their participation in the 
study, which was confirmed by actigraphy and sleep diaries.

During the sleep disorder screening night, standard poly-
somnographic recordings (including electroencephalogram, 
EEG; electrooculogram, EOG; and electromyogram, EMG, 
as described in “physiological recording and analysis”) were 
obtained and subsequently analysed for the presence of sleep 
disorders by a registered polysomnographic sleep technolo-
gist. Additionally, in order to ensure normal sleep–wake pat-
terns and rule out anxiety and depression, all healthy volun-
teers completed the sleep disorders questionnaire [38], and 
the beck depression [39] and anxiety inventories [40].

Polysomnographic recording and analysis

Embla Titanium (Natus, Pleasanton, CA, USA) 34 chan-
nel electroencephalographic (EEG) systems were used to 
perform ambulatory polysomnographic recordings. For the 
patients, the length of recordings varied from ~ 22–26 h in 
duration, whereas the healthy volunteers underwent record-
ings of night sleep only. EEG data were recorded at sites 
Fz, C3, C4, Cz, and Pz according to the international 10–20 
system. The data were referenced to Fpz with a ground at 
AFz. The sampling rate was 256 Hz. Online, a high pass 
filter of 0.1 Hz and a low pass filter of 220 Hz were applied. 
EOG data were also collected using electrodes placed on 
the outer canthi of the eyes. The EEG and EOG data were 
re-referenced offline to the contralateral mastoid derivations 
(M1 and M2). A submental EMG channel was also recorded 
as a bipolar derivation. Extra care was taken to ensure that 
the electrodes stayed in place during the recording (e.g., 
using EC2 paste). Due to problems with electrode adher-
ence and other difficulties during initial attempts to acquire 
data, recordings from six patients did not contain data of 
sufficient quality and were discarded.

For the healthy volunteers, additional PSG measurements 
were collected. These measurements included: respiration 
(via thorax and abdomen respiratory belts); electrocardio-
graphic activity (via electrodes placed on the surface of the 
skin below each clavicle); leg muscle activity (via electrodes 
placed on the surface of the skin on the anterior tibialis mus-
cle of each leg); and blood oxygen saturation (via a finger 
probe placed on the index finger of the left hand).

All recordings were manually scored in 30-s epochs by a 
single, registered polysomnographic technologist (RPSGT) Ta
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with over 20  years of research and clinical experience 
(including extensive experience with the EEG of patients 
with head injuries) using the established criteria devel-
oped by Avantaggiato et al. [33] which categorizes sleep 
according to the presence or absence of the canonical fea-
tures of sleep according to standard clinical criteria [38] 
using RemLogic software (Natus, San Carlos, CA, USA). 
The recordings were then reviewed by a senior researcher 
(SF) with extensive expertise in sleep physiology to con-
firm that staging had been correctly assigned. Epochs with 
disagreement were rescored. The technologist was blinded 
to the diagnosis of the patient during the scoring procedure. 
For some of the patients, atypical sleep patterns were noted. 
To quantify these abnormalities, standard sleep features of 
rapid eye movements (REMs), spindles, k-complexes, and 
slow waves were visually identified in accordance with 
standard Rechtschaffen and Kales and AASM criteria and 
recorded as present, absent, or atypical. More specifically, 
to be recorded as “present” and in addition to a low EMG 
muscle tone (indicating sleep), REMs were characterized as 
conjugate, irregular, sharply peaked eye movements with an 
initial deflection usually lasting < 500 s. Sleep spindles were 
characterized as brief (typically > 0.5–3 s) discrete phasic 
bursts of sigma (∼ 11–16 Hz) activity, with a waxing and 
waning amplitude envelope. A sigma (11–16 Hz) filtered 
channel was employed to aid in the visual identification of 
sleep spindles (and to distinguish from alpha bursts or mus-
cle artefacts). k-complexes were characterized by a well-
delineated negative sharp wave immediately followed by a 
positive component standing out from the background EEG, 
with total duration of ≥ 0.5 s. Finally, slow waves were char-
acterized as 0.5–2 Hz activity with an amplitude of ≥ 75 μV. 
If none of the above feature characteristics were present in 
the recording, the feature was scored as “absent”. A feature 
was scored as “atypical” if some, but not all, of the feature 
characteristics were present, e.g., sleep spindles were scored 
as atypical if brief (> 0.5–3 s) and discrete phasic bursts of 
sigma (∼ 11–16 Hz) activity were identified in the absence 
of the waxing and waning amplitude envelope. Sections of 
recordings contaminated by movement artifact that obscured 
the EEG traces were marked as movement and not used 
for visually identifying sleep features. Sleep specific slow 
waves and pathological, monotonous EEG activity were dis-
tinguished by EMG muscle tone, e.g., high (and variable) 
muscle tone when awake and low (and less variable) muscle 
tone when asleep. Finally, each patient’s sleep pattern was 
categorised according to the presence or absence of normal 
sleep stages, following recent work involving adolescent 
patients with similar brain injuries [33]. Four sleep patterns 
were identified in the patient sample using this approach, 
as depicted in Fig. 1. These sleep patterns were: Biphasic, 
Non-REM quadriphasic, REM quadriphasic, and fully struc-
tured sleep.

As shown in Fig. 1, wakefulness was scored based on: 
EEG with mixed alpha and beta activity; EOG with eye 
blinks or REMs alongside high muscle tone; and/or EMG 
indicating high muscle tone and/or movement artefacts. 
Patients with a Biphasic sleep pattern additionally exhib-
ited only one non-REM sleep stage; in one case, non-REM 
stage 3 (predominantly delta activity), and in the other two 
cases, non-REM stage 1 (predominantly low-voltage theta 
activity with some alpha activity). Patients with Non-REM 
quadriphasic sleep patterns additionally exhibited non-REM 
stage 1 sleep (predominantly low-voltage theta activity with 
some alpha activity) and non-REM stage 2 sleep (predomi-
nantly theta activity alongside k-complexes, sleep spindles, 
and minimal delta activity). Patients with REM quadripha-
sic sleep patterns exhibited no non-REM stage 3 sleep, but 
exhibited REM sleep (low-voltage, mixed frequency activity 
alongside saw tooth waves and REMs on EOG channels). 
Finally, patients with fully structured sleep (henceforth, full 
sleep) exhibited all three non-REM stages and REM sleep.

The EEG data were prepared for time–frequency analyses 
using Matlab (Mathworks, Inc., Natick, MA, USA) and the 
open-source Matlab toolbox, EEGLAB [39]. In the first step, 
any EEG channels that were disconnected before the end of 
the sleep period were discarded to ensure data equivalency 
across time. Unfortunately, two patients had continuous data 
available from only one uncompromised channel (C3). The 
spectral analyses were thus restricted to a single channel for 
all participants. For patients with a compromised channel 
C3, channels C4 (patients 1, 9 and 13) or Cz (patient 12) 
were used instead. In the second step, the EEG data were 
filtered offline from 0.5 to 40 Hz. The EOG data were fil-
tered offline from 0.3 to 10 Hz, and the EMG data were fil-
tered offline from 10 to 50 Hz. EEGLAB’s built-in Hamming 
windowed finite infinite response filter (function ‘pop_eeg-
filtnew’) was used for all offline filtering. During the sleep 
scoring procedure, epochs (i.e., 30 s intervals) that were 
contaminated by artefacts for 50% or more of the interval 
were not scored and excluded from all analyses. Additional 
artefact rejection was completed prior to the time–frequency 
analyses. Using EEGLAB’s automated artefact rejection 
procedure (function ‘pop_eegthresh’), epochs containing 
EEG data with voltage exceeding ± 475 µV and/or EOG data 
exceeding ± 300 µV were discarded. The duration of data 
available for the computation of the time–frequency analyses 
is presented in Table 2.

The time–frequency analyses of the EEG data from 
each sleep stage and wakefulness were conducted using 
Matlab (Mathworks, Inc., Natick, MA, USA) and the 
open-source Matlab toolboxes, EEGLAB [39] and 
FieldTrip [40]. The EEG data were analysed in 1 Hz steps 
from 1 to 30 Hz. Spectral power was estimated for each 
frequency of interest using Fieldtrip’s Fast Fourier Trans-
form (method ‘mtmfft’ of the frequency analysis protocol, 
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‘ft_freqanalysis’; see also www.field tript oolbo x.org/tutor 
ial/timef reque ncyan alysi s#time-frequ ency_analy sis_i). 
The estimates were computed using a Hanning taper. For 
each patient and healthy volunteer, relative spectral power 
for every sleep stage was calculated using the wakefulness 
period for the same participant.

Results

An overview of each patient’s sleep and wake EEG data 
is presented in Table 3.

Standard sleep features

Overall, the patients diagnosed as being in a minimally 
conscious state exhibited more preserved sleep architecture 
compared to the patients diagnosed as being in a vegetative 
state (unresponsive wakefulness syndrome). Indeed, four of 
five patients diagnosed as being in a minimally conscious 
state exhibited full sleep, and all five patients exhibited 

k-complexes and slow wave sleep. Only one patient did not 
demonstrate REM sleep (i.e., the patient demonstrated a 
Non-REM quadriphasic sleep pattern), and three patients 
did not demonstrate sleep spindles.

Among the patients diagnosed as being in a vegetative 
state (unresponsive wakefulness syndrome), two patients 
(P08 and P13) did not demonstrate any sleep signs and were 
classified with Biphasic sleep (i.e., alternating periods of 
non-REM stage 1 sleep and wakefulness). Of the remaining 
six patients, three patients exhibited full sleep, two patients 
exhibited REM quadriphasic sleep, and one patient exhibited 
Non-REM quadriphasic sleep. Five of six patients diagnosed 
as being in a vegetative state (unresponsive wakefulness syn-
drome) demonstrated REM sleep, k-complexes, and slow 
wave sleep, and four of these patients also demonstrated 
sleep spindles.

The patient diagnosed with Locked-in syndrome demon-
strated a Biphasic sleep pattern consisting of wakefulness 
and non-REM stage 3 sleep; during these sleep periods, 
k-complexes and slow waves were identified without sleep 
spindles or REMs. The sleep data from each patient are pre-
sented as hypnograms in Fig. 2.

Fig. 1  Overview of the sleep patterns and scoring criteria for the patient data

http://www.fieldtriptoolbox.org/tutorial/timefrequencyanalysis#time-frequency_analysis_i
http://www.fieldtriptoolbox.org/tutorial/timefrequencyanalysis#time-frequency_analysis_i
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Spectral analyses

As there was variance in the number of epochs available 
for each sleep stage and wakefulness between individual 
patients and also between the healthy volunteers and patients 
(see Table 2), the findings of the spectral analyses are pre-
sented as spectra. The power spectra for the patients are pre-
sented in Figs. 3 and 4, alongside averaged spectra from the 
corresponding group of health volunteers (separated by age). 
The number of epochs (n) that contributed to the single-sub-
ject averaged spectra for each patient is provided above each 
plot. Asterisks mark frequency values at which the patient 
data deviated more than ± 1.96 standard deviations from the 
age-matched volunteer group data.

Discussion

The return of sleep–wake cycles and circadian rhythmicity 
is an important clinical feature after brain injury in that it 
may mark a person’s transition from coma to another state 
of consciousness. For example, some patients undergo-
ing intensive care following acute brain injury recovered 
circadian rhythmicity in parallel with behavioural mark-
ers of awareness [41]. With respect to patients diagnosed 
as being in a vegetative state (Unresponsive Wakefulness 
Syndrome) or a minimally conscious state, there is now 
increasingly converging evidence that the vast majority 
of these patients have some form of a sleep–wake cycle 
[18, 23, 42]. However, these sleep–wake cycles are often 

Table 2  Median duration and range (in minutes) of the wakefulness and sleep periods remaining following the removal of artefacts

Group Wakefulness Non-REM stage 1 Non-REM stage 2 Non-REM stage 3 REM

Patients 250 (29–825) 27 (0–168) 68 (0–191) 12 (0–88) 16 (0–85)
Volunteers 21 (4–113) 12 (5–31) 214 (105–293) 109 (16–194) 83 (52–125)

Table 3  Summary of the patients’ sleep scoring results and spectral profile as compared to the healthy volunteers

a Very little sleep
EMCS Emergence from a minimally conscious state, NREM Quad non-rapid eye movement quadriphasic, VS (UWS) vegetative state (unrespon-
sive wakefulness syndrome)

Patient ID Diagnosis/sleep pattern/age Rapid eye 
move-
ments

Sleep spindles k-complexes Slow waves Other sleep features

P01 VS (UWS)/REM Quad/65 Present Absent Present Absent Frequent arousals
P02 EMCS/NREM Quad/27 Absent Present Present Atypical Muscle tension reduced relative to wake

Rapid eye movements outside of REM sleep
P03 MCS/full/40 Present Absent Present Present Daytime naps

Muscle tension reduced relative to wake
P04 VS (UWS)/NREM Quad/46 Absent Present Present Present Frequent arousals

Many eye movements
P05 LIS/biphasica/55 Absent Absent Present Present Awake most of the night
P06 VS (UWS)/full/27 Present Present Present Present Muscle tension increased relative to wake
P07 EMCS/full/23 Present Absent Present Present None
P08 VS (UWS)/Biphasic/26 Absent Absent Absent Absent None
P09 VS (UWS)/REM Quad/21 Present Present Present Absent None
P10 VS (UWS)/full/14 Few Present Present Present Snoring
P11 MCS/full/31 Present Present Present Present None
P12 MCS/full/29 Present Absent Present Present None
P13 VS (UWS)/biphasic/28 Absent Absent Absent Absent Frequent movement and eye movements 

throughout recording
P14 VS (UWS)/full/25 Present Absent Present Present None
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abnormal, with certain features such as sleep spindles and 
REM sleep absent or severely reduced in frequency relative 
to the sleep of healthy people. In keeping with the majority 
of literature in this field, the current investigation did not 
identify any patients without a sleep–wake cycle. Moreo-
ver, this work adds to the existing literature about the sleep 
of patients with chronic disorders of consciousness through 
the quantification of the spectral profile of each patient’s 
sleeping and waking EEG, with reference to a healthy sam-
ple of age-matched adults and the assistance of a previously 
tested sleep scoring criteria for this population [33].

Biphasic sleep patterns

A noteworthy finding in this investigation is that 
two patients diagnosed as being in a vegetative state 

(unresponsive wakefulness syndrome) demonstrated a 
biphasic sleep–wake pattern. Both patients (P08 and P13) 
were younger men who had sustained traumatic brain inju-
ries. Both patients exhibited one phase of wake electrophys-
iological activity and only one unique phase of sleep-like 
electrophysiological activity that most closely resembled 
non-REM stage 1 sleep. Neither patient demonstrated any 
standard sleep features. A similar biphasic sleep pattern 
was identified in 19 of 49 patients diagnosed as being in a 
vegetative state (unresponsive wakefulness syndrome) in a 
recent large-scale investigation [23]. The biphasic pattern 
in that investigation was described as one sleep-like phase 
characterized by severely attenuated EEG tracings and no 
classic sleep features, with alternating periods of wakeful-
ness. Our patients’ biphasic sleep pattern is most likely in 
keeping with this larger cohort.
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Fig. 2  Hypnograms for each patient. Please refer to Table 1 for demo-
graphic information. EMCS emergence from a minimally conscious 
state, LIS locked-in syndrome, MCS minimally conscious state, N1-3 

non-REM stages 1–3 sleep, NREMQ non-REM quadriphasic, R rapid 
eye movement sleep, REMQ REM quadriphasic, W wake, VS (UWS) 
vegetative state (unresponsive wakefulness syndrome)
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A third patient in our investigation demonstrated a 
biphasic sleep pattern. This patient was an older male with 
Locked-in syndrome following a brainstem stroke (P05). His 
pattern of sleep consisted of wake periods with alternating 
bouts of non-REM stage 3 sleep and featured very little sleep 
overall. While there is a paucity of data concerning sleep in 
patients with Locked-in syndrome, reduced total sleep time 
ranging from 1.25 to 6 h was previously reported in a sam-
ple of 21 patients [43]. Another case report of two patients 
with Locked-in syndrome also described limited sleep with 
short bursts of non-REM sleep, and this was partially attrib-
uted to injury extending into the pontine tegmentum [44]. 

Indeed, the pontine tegmentum has been described as the 
“switch” that mediates the transition between the non-REM 
and REM sleep phases [45]. Our patient’s brainstem injury 
thus differentiates his biphasic sleep pattern from the other 
two patients in our sample and reflects direct compromise 
of the brainstem.

Slow wave sleep

Slow wave sleep has recently been highlighted as a potentially 
important correlate of behavioural responsiveness in patients 
with disorders of consciousness. In the previously discussed 
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large-scale investigation of Rossi Sebastiano et al. slow wave 
sleep was positively correlated with behavioural responsive-
ness measured by the coma recovery scale [23]. Similar find-
ings have been demonstrated in previous investigations of 
patients with severe brain injuries [20, 21, 32]. Furthermore, 
slow wave sleep has been linked to learning and memory and 
is thought to have an important role in synaptic homeostasis 
[46, 47]. In light of these relationships, slow wave sleep has 
been likened to a marker of more complex neural circuitry 
that may underlie the association between slow wave sleep 
and greater responsiveness in patients with disorders of con-
sciousness [23, 48]. In the current investigation, four patients 

diagnosed as being in a vegetative state (unresponsive wake-
fulness syndrome) did not demonstrate slow wave sleep; two 
of these patients demonstrated a non-REM quadriphasic sleep 
pattern (P01 and P09), and the other two patients demon-
strated biphasic sleep patterns (P08 and P13). Although slow 
wave sleep was evident in all patients diagnosed as being in 
a minimally conscious state, our sample is unfortunately too 
small to draw meaningful inferences about the relationship 
between the behavioural scores of our patients and the pres-
ence and absence of any sleep features. Nevertheless, these 
scores are included in Table 1 for use in meta-analyses or 
similar efforts in the future.
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One possibility that has not yet been included in the recent 
discussions of slow wave sleep among patients with disor-
ders of consciousness pertains to certain medical factors that 
are also associated with reductions in slow wave sleep. For 
example, medications such as benzodiazepines and opioids 
are sometimes associated with alterations in sleep architec-
ture of uncertain clinical significance, including reductions 
in slow wave sleep [49]. Similarly, epilepsy and other seizure 
disorders are associated with reduced slow wave sleep [50, 
51]. Seizure disorders are common in patients with acquired 
brain injuries, and some of the medications that treat these 
disorders are themselves associated with reduced slow wave 
sleep [49]. Complete medication lists were unfortunately not 
available as part of the current investigation and were also 
not discussed in the recent large-scale investigation of Rossi 
Sebastiano et al., but this information would be useful in 
future work to specifically address this potential confound.

REM sleep

From a neuroanatomical perspective, the brainstem is necessary 
and sufficient for REM sleep [52, 53]. When REM sleep is pre-
sent despite the severe brain injuries associated with disorders 
of consciousness, these brainstem REM generators are presum-
ably intact. There were five patients in this study who did not 
demonstrate REM sleep; two patients demonstrated a Non-REM 
quadriphasic sleep pattern (P01 and P09), and the remaining 
three patients demonstrated biphasic sleep (P05, P08, and P13). 
In previous studies of patients with disorders of consciousness, 
REM sleep has also been variably detected; for example, 23 of 
55 patients diagnosed as being in a vegetative state (unrespon-
sive wakefulness syndrome) and 21 of 36 patients diagnosed as 
being in a minimally conscious state demonstrated REM sleep 
in a recent large-scale investigation [23]. The presence of REM 
sleep among patients with disorders of consciousness has been 
estimated as ranging from 15 to 20% in more recent reports, 
although it was higher in some early investigations [42]. A fur-
ther consideration is that it is difficult to ascertain the clinical 
significance of REM sleep because there is some controversy 
concerning the function of REM sleep [54]. For instance, selec-
tive REM sleep deprivation has been linked to mood, anxiety, 
cognitive deficits, and memory impairment in healthy sleepers 
[55], but there are also several case reports of individuals with 
brainstem lesions and no cognitive impairments despite very 
limited or absent REM sleep [56, 57]. Accordingly, it is difficult 
to assign clinical significance to the absence of REM sleep in 
patients with disorders of consciousness beyond the presumption 
of compromise to the brainstem.

Sleep spindles

Sleep spindles are generated by the thalamus and thalam-
ocortical networks [58]. In patients with disorders of 

consciousness, the thalamus and most thalamocortical net-
works are compromised, and reduced responsiveness is asso-
ciated with more extensive thalamic injury [59, 60]. Based 
on single-unit neural recordings, patients diagnosed as being 
in a vegetative state (unresponsive wakefulness syndrome) 
demonstrated a reduction of about 50% in active thalamic 
neurons versus those diagnosed as being in a minimally con-
scious state [61]. These results suggest that there may be a 
diagnostic role for sleep spindles in that patients diagnosed 
as being in a vegetative state (unresponsive wakefulness syn-
drome) are less likely to generate sleep spindles normally 
than patients diagnosed as being in a minimally conscious 
state. At least one previous report has specifically identified 
sleep spindles as an EEG feature that facilitated the dis-
crimination of these two diagnostic categories [32]. In this 
investigation, two of five of patients diagnosed as being in 
a minimally conscious state and four of eight patients diag-
nosed as being in a vegetative state (unresponsive wakeful-
ness syndrome) demonstrated sleep spindles. Sleep spindles 
were also more common in patients diagnosed as being in 
a minimally conscious state (8 of 36) versus a vegetative 
state (unresponsive wakefulness syndrome; 5 of 55) in a 
recent large-scale investigation [23]. It is important to note 
that there is some variability in the definitions of sleep spin-
dles across sleep studies involving patients with disorders of 
consciousness; for example, the frequency of sleep spindles 
has been variably defined from 9 to 12 Hz, 10 to 16 Hz, 11 
to 16 Hz, and 12 to 15 Hz in different reports [62]. Alto-
gether, the presence of sleep spindles tends to confer a less 
severe brain injury, but there is not yet sufficient evidence 
to use sleep spindles to confirm the diagnosis of a vegeta-
tive (unresponsive wakefulness syndrome) versus minimally 
conscious state. Reduced or abnormal spindle production 
has been linked to deficits in intellectual disability [63, 64], 
and is associated with cognitive abilities [65–69] and the 
strengthening of newly acquired declarative and procedural 
memory (for a review, see [65, 70]). Thus, atypical spindles 
may be associated with reduced or impaired cognitive func-
tion disorders of consciousness.

Sleep scoring for patients with disorders 
of consciousness

An important consideration is that the patient sleep data pre-
sented in this investigation were scored using a technique 
based upon the standards of the American Academy of Sleep 
Medicine and modified for patients with disorders of con-
sciousness, initially developed by Cologan et al. [71] and 
further refined by Avantaggiato et al. [33]. In their work, 
Avantaggiato et al. present sleep data from children and ado-
lescents with disorders of consciousness. Their sleep scoring 
and classification criteria were developed using the modern 
guidelines for adult sleep of the American Academy of Sleep 
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Medicine [38], further refined using the classic guidelines 
for adult sleep from Rechtschaffen and Kales [72], and sub-
sequently adjusted for their patients using previous inves-
tigations of sleep among both adult and pediatric patients 
with disorders of consciousness [29, 71]. Four clinicians 
from two hospitals contributed to sleep scoring and the clas-
sification of the patient sleep patterns over three rounds of 
independent, double-blinded scoring [33]. The authors of 
the current work selected the approach of Avantaggiato et al. 
because it was a transparently documented adaptation and 
logical extension of the standard criteria from the American 
Academy of Sleep Medicine, informed by previous studies 
of patients with disorders of consciousness and classic sleep 
guidelines intended for use in adult populations [29, 33, 38, 
71, 72]. Therefore, this approach stands to have clinical util-
ity and makes possible some direct comparisons to stand-
ard PSG scoring. Nevertheless, there are several published 
scoring systems for sleep among patients with disorders of 
consciousness, and any of these could have been selected 
instead. Indeed, one challenge of the study of sleep among 
patients with disorders of consciousness is that there is no 
consensus concerning the optimal technique to classify these 
data [73], and this lack of standardization can impair com-
parisons across investigations, including the current work.

The optimal manner in which sleep data are scored and cat-
egorized among patients with disorders of consciousness has 
yet to be determined. For instance, there is some debate as to 
whether it is appropriate to use expert scoring for sleep data from 
patients with disorders of consciousness at all, given that their 
EEG data are abnormal and do not necessarily demonstrate the 
features upon which human sleep is classically defined [18, 62, 
73, 74]. Expert scoring approaches have been criticized for being 
potentially subjective and difficult to replicate, partly due to a 
lack of transparency in reporting modified criteria [18, 31, 62, 
75]. Additionally, data-driven approaches to study sleep in these 
patients, though meritorious, have other limitations and are simi-
larly afflicted by a lack of standardization in the literature as the 
expert scoring approaches [62, 73, 74]. To address these issues, 
calls have been made for consensus about scoring techniques and 
large-scale, multi-centred investigations, potentially facilitated by 
participation in the “Disorders of Consciousness Special Inter-
est Group” of the International Brain Injury Association [48, 
62, 75]. These advancements are necessary to develop evidence 
of sufficient quality to inform clinical decision-making and ulti-
mately facilitate practice changes that benefit the patients who 
participate in these investigations. Nevertheless, there is also a 
role for smaller-scale investigations that employ different tech-
niques to study sleep and other processes in this population to 
explore the merits of a given approach. These smaller investiga-
tions are more pragmatic in terms of resources and time, and the 
presentation of different techniques can spur further discussion 
and methodological refinement. For instance, the current work 
presents one previously described method for scoring sleep in 

this population, rooted in standard and clinically relevant scor-
ing criteria, alongside spectral analyses inclusive of age-matched 
healthy volunteers. These techniques highlight some of the chal-
lenges of applying classic sleep stage definitions in this popula-
tion and provide a method to evaluate expert scoring.

Limitations

This investigation has some methodological limitations that 
are worthy of discussion. For instance, it has been recom-
mended that sleep recordings from patients with disorders 
of consciousness be inclusive of more than night-time hours 
owing to daytime naps, the disruptive sleeping environment 
of clinical facilities, and the potential pathological prolon-
gation of circadian rhythms in clinical populations [18, 62]. 
Indeed, a few commentaries have been published regarding 
the optimal duration of recordings and the pragmatics of 
obtaining very long recordings from patients with disorders 
of consciousness [42, 48, 62, 76]. The current investigators 
attempted to obtain 24-h recordings for all patients in line 
with these recommendations, but this was challenging. For 
example, several recordings were prematurely terminated 
due to care needs, caregiver availability, and other issues. 
The initial attempts at data collection for this investiga-
tion yielded some recordings without any useable data and 
prompted many adjustments to the acquisition protocol (for 
example, the addition of EC2 adhesive paste). Even after 
these adjustments were made, large portions of data were 
unfortunately lost for various reasons including patient 
movement and sweating. Caregivers were instructed to keep 
the artificial lighting off throughout dedicated sleeping hours 
and notify the researchers of any disruptions for care activi-
ties during this time, but this information was not consist-
ently provided to the research team, partly due to changes in 
providers over the course of the recording (e.g., 12-h shifts 
with 4-h “floating” cross-coverage). Many of the aforemen-
tioned challenges in the current work could be addressed 
by incorporating infrared video recordings and continuous 
measurement of ambient lighting. Video recording would 
also support the sleep scoring procedure with the addi-
tional information about movement including nystagmus, 
interruption of sleep by care activities, and other possible 
sources of artefacts and variance in the data. Lastly, future 
investigations would also benefit from the inclusion of other 
physiological signals, such as electrocardiography, to further 
characterize circadian variability.

Summary and conclusions

All members of this small sample of patients with chronic 
disorders of consciousness demonstrated a sleep–wake cycle 
in some form or another, with notable heterogeneity between 



3661Journal of Neurology (2020) 267:3650–3663 

1 3

individuals. In three patients, these cycles were limited to 
alternating periods of wakefulness and sleep-like electro-
physiological activity that most closely resembled non-REM 
stage 1 sleep in two cases and non-REM stage sleep in the 
remaining case. Two patients demonstrated a sleep–wake 
cycle that included all sleep phases aside from non-REM 
stage 3, and another two patients demonstrated a sleep–wake 
cycle that included all sleep phases aside from REM. The 
remaining seven patients demonstrated all typical sleep 
phases, but three patients did not generate sleep spindles. 
Altogether, these findings are consistent with previous sleep 
studies of patients with disorders of consciousness and rein-
force the understanding that these patients do sleep, albeit 
with abnormal electrophysiological markers that reflect 
their brain injuries and other inherent limitations of their 
recording and sleeping environment. The diagnostic and 
prognostic implications of this and similar investigations 
are limited until sufficiently large cohorts of data are avail-
able to determine the optimal manner in which such data are 
to be acquired, analysed and interpreted. Nevertheless, the 
study of sleep in patients with disorders of consciousness 
has practical value in that it provides additional information 
about each patient’s probable subjective experience, such as 
whether and how much time the patient is able to rest during 
dedicated sleeping hours and remain alert during waking 
hours. Importantly, our study employed 24-h recordings, and 
given the marked disruption in terms of sleep characteristics, 
quality, duration and timing, highlights the importance of 
studying sleep not only during the night, but also throughout 
the day in this patient population. Our results further support 
the notion that sleep microarchitecture can help delineate the 
nature and consequences of severe acquired brain injury and 
provide complimentary insight into the primary and second-
ary symptoms of the disorders of consciousness.
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