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Figure 2 Homoeostatic decline in slow wave activity of five
patients in a minimally conscious state. Hypnogram and
slow-wave activity time course. Sleep stages represented as
REM, Wake, Stages 1, 2 and 3. The time course of slow-wave
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Table 3 Presence or absence of sleep patterns

Subject Eyes Eyes Spindles Slow REM
open closed waves

MCS 1
MCS 2
MCS 3
MCS 4
MCS 5
MCS 6
VS 1
VS 2
VS 3
VS 4
VS 5

+ + + + + +
+ + + + + +
+ + + + +

+ + + + + + + + + + o+
+ + + + + + + + + + o+

useful complement to bedside behavioural assessment in the
evaluation of brain function in non-communicative brain-damaged
patients.

Failure to show EEG correlates of behavioural changes in vigi-
lance for patients in a vegetative state could have at least two
different origins. First, they could be due to insufficient modulation
of corticothalamic activity by a deficient ascending reticular acti-
vating system. This explanation could prevail in Patient VS4,
where the altered state of consciousness was caused by a focal
pontine haemorrhage, and in which behavioural sleep-wake cycles
were also relatively deficient. Even if transient periods of behav-
ioural wakefulness (increased arousal, eyes open) were observed,
no related EEG change could be detected in this patient. On the
other hand, the absence of electrophysiological sleep could also be
explained by a preserved modulation of activity in the ascending
reticular system, but a failure in corticothalamic function to propa-
gate signals from the ascending reticular activating system.
Patients in a vegetative state typically show a pattern of wide-
spread thalamocortical dysfunction and metabolic impairment, in
particular in frontoparietal cortices (Laureys et al., 2002, 2004).
Frontoparietal cortices, including default network areas, have also
been involved in the generation of sleep patterns such as slow
waves (Dang-Vu et al., 2008; Murphy et al., 2009). Though spin-
dles are thought to involve primarily a thalamic generator, fronto-
parietal circuits are involved in their propagation (Schabus et al.,
2007) and synchronization (Evans, 2003). More generally, wide-
spread functional impairment of thalamocortical circuitry could po-
tentially explain both the impairment of consciousness and the
absence of normal sleep electrophysiological features of patients
in a vegetative state. These two different mechanisms could lead
to a differential prognosis and different therapeutic approaches in
individual patients. For example, at the population level, patients
with isolated subcortical arousal system function impairment could

Figure 2 Continued

activity for a single channel near Fz is expressed as a percentage
of the mean slow-wave activity reading for the entire night.
MCS = patients in a minimally conscious state.
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Figure 3 Behavioral sleep patterns for patients in a vegetative state and slow-wave activity topography. (Left) electrooculogram, EEG and
EMG 10 s traces for eyes open and eyes closed. (Right) Topographic distribution of the average slow wave activity during the eyes closed
condition for the entire night. Colour bars represent the absolute electrographic power (uV2/0.25 Hz frequency bin for the 0.5-4.5 Hz

range) expressed as the maximum and minimum power for each individual. SWA = slow-wave activity; VS = patients in a vegetative state.

have a better prognosis and would be more likely to respond to
central thalamic stimulation or arousal-promoting drugs than
patients with more widespread thalamocortical damage. Further
studies are needed before a link between polysomnographic
EEG patterns and differences in prognosis and response to treat-
ment can be assessed in populations of patients in a vegetative
state.

No REM sleep patterns, as defined by wakefulness-like EEG
associated with rapid ocular saccades and decreased muscle
tone, were observed for patients in a vegetative state. As shown
in early experiments in cats, REM sleep generating mechanisms
located in the dorsal pontine tegmentum are sufficient to generate
periods of atonia accompanied by rapid eye movements (Jouvet,
1972). Brainstem function is typically preserved in patients in a
vegetative state (Boly et al., 2008b). Thus, it is possible that
brainstem-generated features of REM sleep not involving changes
in cortical activity may be present in at least some vegetative pa-
tients. A recent study (Bekinschtein et al., 2009b) suggests that
circadian rhythmicity may be impaired in patients in a vegetative
state, depending on the type of injury and the level of conscious-
ness. In the present study, while we could not rigorously establish

to what extent circadian rhythmicity was preserved, we did ob-
serve extended periods of behavioural sleep that occurred more at
night than during the day.

In contrast to patients in a vegetative state, subjects in a min-
imally conscious state showed all stages of sleep. These results
suggest a global preservation of brain function in these patients.
This observation is in line with previous studies showing preserved
response to external stimuli (Boly et al., 2004, 2008a) and large
scale brain network connectivity (Vanhaudenhuyse et al., 2010) in
minimally conscious patients. The presence of spindles also sug-
gests that patients in a minimally conscious state show a relative
preservation of thalamocortical connectivity compared to patients
in a vegetative state (Vanhaudenhuyse et al., 2010). The preser-
vation of REM sleep patterns in minimally conscious patients also
has some potential clinical relevance. REM sleep has been linked in
healthy volunteers to emotional content and vivid visual imagery
(Nir and Tononi, 2010) that could also be present in these patients.
Further investigations should study residual cognitive function of
patients in a minimally conscious state, which, though unable to
communicate, seem to have relatively preserved brain function
and likely present some capacity for perception and cognition.
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Figure 4 Hypnogram and slow-wave activity time course in
four patients in a vegetative state. Behavioural sleep patterns
represented as eyes open and eyes closed. The time course of
slow-wave activity for a single channel near Fz is expressed as a
percentage of the mean slow-wave activity reading for the
entire night.

We also observed that in contrast to patients in a minimally con-
scious state, patients in a vegetative state did not show detectable
sleep cycle architecture and homoeostatic regulation of slow-wave
activity. As slow-wave activity has been suggested to be linked
to plasticity (Huber et al., 2004; Landsness et al., 2009), our
findings could also partially explain the better prognosis observed

E. Landsness et al.

in large cohort studies comparing patients in a minimally conscious
state to those in a vegetative state (Luaute et al., 2010). However,
further studies on larger numbers of patients are required before a
link between prognosis and different sleep patterns can be
asserted.

It should be stressed that one should remain cautious when
interpreting the functional significance of sleep measurements
in terms of level of consciousness in brain damaged patients.
For now, one cannot exclude that individual patients in a vegeta-
tive state could present some partial preservation of sleep electro-
physiological features. More investigations during pharmacological
manipulations, such as general anaesthesia, in patients with status
epilepticus and a larger cohort of patients with pathological alter-
ations of consciousness are also needed before a consensus can be
reached on the generalizability of our findings.

Technical issues in the study of EEG
sleep recordings analyses in severely
brain damaged patients

Studying polysomnographic recordings in patients with altered
states of consciousness represents a major technical and neuros-
cientific challenge. Special care should be taken while examining
EEG traces and analyses should be performed only on artefact free
segments. Two patients in a minimally conscious state had to be
discarded from our analyses because of excessive noise and arte-
facts in the recordings. In addition, special care should be taken in
the differentiation of patients in minimally conscious and vegeta-
tive states and in the use of appropriate behavioural scales.
Videotaped recordings are also very helpful as these patients can
present fragmented sleep, leading to more difficult interpretation
of the findings in the absence of behavioural status. Automatic
sleep scoring should be only used with caution, due to the pres-
ence of slower baseline EEG in a number of brain damaged pa-
tients, as compared to healthy controls. The assessment of
alternating sleep stages, as well as quantification of spindles and
slow-wave activity topography and homoeostasis were used to
illustrate differences between-patient populations. A comparison
of slow-wave activity between wake and sleep was performed
to provide an additional, quantitative assessment of EEG changes
in relation to changes in vigilance. We used a two electrodes
system for the sleep scoring due to the well-established tradition
of using C3 and C4 (Rechtschaffen and Kales, 1968). All other
analysis (homoeostatic decline and topography) took advantage of
the high spatial resolution and the larger amount of data provided
by high-density EEG. It is likely that most of the findings reported
here could have been identified with a smaller number of elec-
trodes, as used in clinical routine. However, high-density EEG
recordings allowed us to perform a detailed topographic analysis
of sleep patterns in individual subjects, despite the presence of
extensive focal brain lesions that are common in these patients.
In our case, the use of a large number of electrodes minimized the
risk of false negative findings by covering a larger surface of the
brain than conventional recordings and by allowing the sampling
of isolated functioning brain regions, which are not uncommon in
these patients (Schiff et al., 2002). In addition, this technique is
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ideally suited to the fine-grained topographic analysis of sleep-
related EEG features such as slow-waves and spindles. Future stu-
dies should also investigate scalp propagation and cortical gener-
ators of these sleep-related rhythms in individual brain damaged
patients. Further studies investigating changes in brain responses
to external stimulation of patients in minimally conscious and
vegetative states in different behavioural vigilance stages would
also provide a useful complement to studies investigating changes
in spontaneous EEG.

A remaining question is the relationship between structural and
functional brain connectivity preservation and sleep patterns in
non-communicative brain-damaged patients. Further multi-modal
studies should combine EEG recordings to resting state functional
MRI data and structural MRI (e.g. diffusion tensor imaging data)
in these patients to better address this question. Further studies
should also investigate the relationship between prognosis and
fine-grained sleep EEG characteristics of individual patients in min-
imally conscious or vegetative states.

Conclusion

We have identified a relationship between the presence of normal
sleep electrophysiological features and the level of consciousness
in severely brain damaged patients. These results suggest that
after further validation, the present methodology could potentially
be rapidly translated into a routine clinical setting and bring rele-
vant complementary information on the patients’ residual brain
function to bear on their clinical evaluation. In addition, assess-
ment of sleep homoeostatic measures such as slow-wave activity
could be a useful paraclinical marker of the potential for plasticity
in individual patients in a minimally conscious or vegetative state,
complementing their bedside and standard prognostic assessment.
Future studies on larger samples of patients will aim at correlating
electrophysiological sleep features with prognosis and white
matter anatomical damage (as assessed for example by diffusion
tensor imaging) in these severely brain damaged patients.
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