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Purpose of review

The clinical evaluation of cognition in non-communicative
severely brain-damaged patients is inherently difficult. In
addition to novel behavioural ‘consciousness-scales’, the
role of para-clinical markers of consciousness, such as
event related potentials and functional neuroimaging is
reviewed.

Recent findings

New behavioural scales for vegetative and minimally
conscious patients have been shown to reduce diagnostic
error but regrettably remain underused in clinical routine.
Electrophysiological studies have confirmed their role in
estimating outcome and possibly cognition. Several recent
functional neuroimaging studies have shown residual
cortical function in undeniably vegetative patients. This
cortical activation, however, seems limited to primary ‘low-
level' areas and does not imply ‘higher-order’ integration,
considered necessary for conscious perception. Minimally
conscious patients show large-scale high-order cerebral
activation, apparently dependent upon the emotional
relevance of the stimulation.

Summary

Careful clinical assessment of putative ‘conscious
behaviour’ in vegetative and minimally conscious patients is
the first requirement for their proper diagnosis and
management. Complementary functional neuroimaging and
electrophysiological studies will have a major impact on
future clinical decision making and may guide selective
therapeutic options. At present, more experimental
evidence and the elucidation of methodological and ethical
controversies are awaited prior to their routine clinical use.
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Abbreviations

EEG  electroencephalogram

ERP  event related potential

FDG  fluorine-18-labelled deoxyglucose
fMRI  functional magnetic resonance imaging
GCS  Glasgow Coma Scale

MCS  minimally conscious state

MMN  mismatch negativity

PET positron emission tomography

SEP  somatosensory evoked potentials
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Introduction

Survivors of severe traumatic or hypoxic-ischemic brain
damage classically go through different clinical entities
before partially or fully recovering consciousness. Coma
is defined as ‘unarousable unresponsiveness’. After some
days to weeks comatose patients will eventually open
their eyes. When this return of ‘wakefulness’ is accom-
panied by reflexive motor activity only, devoid of any
voluntary interaction with the environment, the con-
dition is called a vegetative state. The vegetative state
may be a transition to further recovery, or not (for a
succinct review of ethical and legal problems in perma-
nent vegetative state see Jennett [1°]). Signs of voluntary
motor activity should be actively searched for in vegeta-
tive state patients, as they herald the minimally conscious
state (MCS) [2°%,3°,4°°]. Functional communication
indicates the next boundary — emergence from MCS -
in the course of recovery (see Fig. 1) [5°,6°].

At present, consciousness cannot be measured objec-
tively by any machine. Its estimation requires expert
clinical interpretation of ‘motor responsiveness’. The
present paper will first summarize some new behavioural
assessment tools, especially developed to untangle the
vegetative state from MCS. Next, neurophysiological
markers of consciousness and cognition, encompassing
event related potentials (ERPs) and functional neuro-
imaging, will be reviewed, as will their putative diagnos-
tic and prognostic value.
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Figure 1. Different clinical entities encountered on the gradual
recovery from coma, illustrated as a function of cognitive and
motor capacity
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Restoration of spontaneous or elicited eye-opening, in the absence of
voluntary motor activity, marks the transition from coma to vegetative
state (VS) [1°]. The passage from the VS to the minimally conscious
state (MCS) is marked by reproducible evidence of ‘voluntary behaviour'
defined as (1) simple command following, (2) gestural or verbal yes/no
responses (regardless of accuracy), (3) intelligible verbalization, or
(4) motor activity occurring in contingent relation to relevant, often
emotional, stimuli (also including pursuit eye movement or sustained
fixation) [2°]. Emergence from MCS is signalled by the return of func-
tional communication or object use. The Glasgow Outcome Scale then
terms patients as severely disabled until return of autonomy (coined
moderate disability). Return to work or school determines the transition
to ‘good recovery'. Note that our clinical evaluation of cognition depends
upon motor responsiveness. The locked-in syndrome (LIS) [6°] is the
extreme example of intact cognition with nearly complete motor deficit
(only permitting eye-coded communication). It remains controversial
from what stage neurological recovery is ‘meaningful’ and when a
palliative care approach is warranted [6°].

Behavioural assessment tools

When examining brain-damaged patients with altered
states of consciousness, it remains challenging to reliably
document the presence or the absence of any motor
behaviour that reflects conscious cognitive activity.
Recent reviews have restated the shortcomings of the
Glasgow Coma Scale (GCS), the currently most widely
used assessment tool, for detecting subtle behavioural
signs of consciousness once patients are in a vegetative
state or MCS [2°,7°]. For these clinical entities, more
sensitive and reliable tools are the Coma Recovery Scale
[8], Wessex Head Injury Matrix [9] and the Western
NeuroSensory Stimulation Profile [10]. Unfortunately,
these are not yet extensively used. In the past two years,
four new behavioural assessment tools have been devel-
oped (summarized in Table 1).

Giacino e al. [11°°] revised their Coma Recovery Scale.
This 25-item scale specifically aims to differentiate the
vegetative state and MCS by characterizing each of its
items as being compatible with either state. Contrary to
previous scales, it includes all items necessary to differ-
entiate the vegetative state and MCS, based on their most

Residual cognitive function Laureys et al. 727

recent defining criteria, which is very helpful in avoiding
misdiagnosis. The Coma Recovery Scale-Revised also
contains items that explicitly mark the emergence from
MCS.

Another interesting tool is the Sensory Modality Assess-
ment and Rehabilitation Technique (SMART) devel-
oped by Gill-Thwaites and Munday [12°°]. It is intended
to serve both as an assessment and as a treatment tech-
nique for patients in low awareness states. It includes
eight subscales and also differentiates between vegeta-
tive state and MCS (for each item, the responses are rated
following five levels, the last level being incompatible
with the vegetative state and signalling MCS).

Third, the Disorders of Consciousness Scale (DOCS)
[13°,14] is somewhat similar to the SMART but its
distinctive feature is that it directly relates the different
items to specific brain structures. Although this initiative
might appear promising, it should be interpreted cau-
tiously as brain—behaviour relationships are complex and
a given behaviour can be executed in different ways,
hence recruiting different cerebral networks.

All scales have been shown to have good inter-rater
reliability and sensitivity for monitoring recovery of
residual conscious cognitive activity. They do not, how-
ever, provide a formal assessment of neuropsychological
functioning and do not permit measuring the level of
impairment of memory, attention, language or execu-
tive functions in patients that have begun to recover con-
sciousness. In this respect, Neumann and Kotchoubey
[15°°] recently proposed a neuropsychological test-
battery that has been adapted for use in conscious but
low functioning patients, using simple dichotomous yes/
no answers. This tool seems promising for use in MCS
patients with severe physical disability. Although meas-
uring many cognitive functions, however, it currently
does not provide assessment for attention and working
memories, although these are frequently impaired in
these patients.

A final set of empirical studies and reviews has continued
to explore the prognostic validity of behavioural assess-
ment scales for predicting outcome or response to treat-
ment [2°,3°,4°°,16°%,17]. Some of these studies show that
the initial rate of change in scores (during the first 2 weeks
of admission) is a good statistical predictor of outcome
several months later, at least at the group level [13°,16°°].
Other studies, however, have stressed the heterogeneity
of individual outcome profiles, as well as the necessity
to control for confounding variables such as excessive
centrally-acting medication or patient posture (i.c., lying
in bed versus upright position) which might hinder
accurate measurement of subtle signs of awareness

[18-21].
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In the acute setting of post-cardiac arrest coma, Booth
et al. [22°] reviewed 11 relevant studies involving 1914
patients and concluded that early simple physical exam-
ination (that is, absent withdrawal response to pain,
absent corneal or pupil reflexes at 24 h or absent motor
response at 72 h after admission) permits the strong
prediction of death or poor outcome. No clinical findings
strongly predicted good outcome. In contrast to previous
meta-analyses [23], the authors defined poor outcome as
death, vegetative state or severe neurological disability
(the latter included conscious patients with functional
communication but remaining dependent on others).
There is no uniform definition of what constitutes a good
versus a poor outcome but it must be emphasized that
some patients and families may have very different
perceptions of what comprises an acceptable and ‘mean-
ingful’ neurological outcome. The authors’ results should
not be directly extended to the decision to withdraw from
medical care.

Event-related potentials

ERPs have been used for a long time to evaluate both
sensory and cognitive functions of patients with severe
disorders of consciousness [24°]. A lot of ERP meta-
analyses have confirmed that the absence of cortical
somatosensory evoked potentials (SEPs) are good pre-
dictors of unfavourable outcome (for a review of 2891
patients see Robinson and Micklesen [25]), the outcome
being worse (vegetative state or death) for patients with
hypoxia—ischemia than for a traumatic cause. SEPs may
also provide moderately useful prognostic data for pre-
dicting good outcomes. For example, traumatic brain-
injured patients with normal SEPs (at least in one hemi-
sphere) showed a high chance of regaining consciousness
(93%) [26°]. Similar results were reported for comatose
children [27,28°]. Recent systematic reviews [26°,28°,
29°,30] have again highlighted the superior predictive
value of SEPs compared with other tests. For example, a
meta-analysis of 25 studies [29°] confirmed that SEPs are
superior, with few exceptions, to pupillary responses,
motor responses, GCS, electroencephalogram (EEG)
and computed tomography for the prediction of outcome
after acute severe brain damage (for a prospective study
on comatose children see Carter and Butt [28°]).

A very promising candidate for predicting (good) out-
come is the mismatch negativity (MMN), a component
which appears in auditory oddball paradigms. In a pro-
spective cohort study of 346 comatose patients, Fischer
and colleagues [31°°,32] confirmed the high specificity of
the MMN (91% of patients not regaining consciousness
had no MMN) but also its low sensitivity (that is, only
33% of patients regaining consciousness had a MMN).
The interesting finding is that a very high proportion of
patients (89%) evoking this component later regained
consciousness.

Residual cognitive function Laureys et al. 729

To estimate the integrity of language comprehension
in brain damaged non-communicative patients, long-
latency ERPs to words were used. Schoenle and Witzke
[33°] recorded ERPs in response to sentences ending
with semantically congruent and incongruent words. In
normal volunteers, an N400 component can be identified
for incongruous words. Interestingly, an N400 response to
incongruous words was reported in some vegetative state
patients (12%), in a majority (77%) of ‘near-vegetative
state’ patients (the authors used this term for patients
with signs of habituation, orienting reactions, or visual
fixation or pursuit), and in nearly all (90%) of the patients
who are not in a vegetative state (showing ‘some mean-
ingful behaviour’). A differential cognitive ERP (P300
wave) was observed to the patient’s first name in the
MCS [34°]. Unpublished data from Perrin ¢z @/., however,
show that P300 responses to patients’ own names can also
be observed in a well-documented chronic vegetative
state, showing no subsequent recovery. Long-latency
ERPs (P300 and N400 responses) was also observed by
the group of Kotchoubey [35°,36°] in some vegetative
state patients with EEG-background activity above 4 Hz
(the functional significance of this finding in terms of
patients’ possible awareness will be discussed in the next
section). These studies suggest that P300 or N400
responses do not necessarily reflect conscious perception
and cannot be used to differentiate vegetative state from
MCS patients.

Functional neuroimaging

Fluorine-18-labelled deoxyglucose (FDG) positron emis-
sion tomography (PE'T’) has shown global cortical metab-
olism to be 50-70% of normal values in hypoxic or
traumatic coma [37°°]. In traumatic cases, whole brain
metabolism correlates poorly with the level of conscious-
ness, as measured by the GCS [38,39°]. Bergschneider and
colleagues recently showed a lower regional metabolism in
thalamus, brainstem and cerebellar cortex of comatose
compared to non-comatose survivors studied within 5 days
of their brain injury [40]. Previous studies failed to show a
correlation between cerebral metabolism and outcome but
a preliminary report on 14 patients showed that a higher
grey to white matter metabolic ratio measured within
2 weeks after moderate traumatic brain injury predicted
a good recovery at 1-year follow-up [39°].

In the vegetative state cerebral metabolism is known to
be even lower than in coma (40-50% of normal values).
The most impaired is the frontoparietal network of
polymodal associative cortices [37°%,41]. This network
encompasses lateral posterior parietal, prefrontal and
parieto-temporal regions and midline precuneal, poster-
ior cingulate and mesiofrontal areas [42] and is known to
be the most active ‘by default’ in resting non-stimulated
conditions in conscious controls [43]. A combined voxel-
based three dimensional magnetic resonance imaging
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and FDG-PET study [44°] in five chronic non-traumatic
vegetative state patients showed that the regional distri-
bution of the cortical metabolic dysfunction is unrelated
to the regional distribution of the structural damage (i.e.
grey matter atrophy). These results are in line with the
ERP (see above), H," O-PET and fMRI evidence
demonstrating that vegetative state patients are not
‘appalic’ (i.e. have some preserved neocortical function).

In addition to FDG-PET [37°°] or single photon emission
computed tomography [45] studies on ‘resting’ brain
function which are useful to identify brain regions that
are potentially recruitable, fMRI or H,">O-PET ‘acti-
vation studies’ offer the possibility to link residual neural
activation to controlled external stimulation in the
absence of any overt motor response of the patient. Owen
et al. [46°47°] have proposed an elegant hierarchical
approach to the study of residual cognitive function in
severely brain damaged patients. Their strategy focuses
on the auditory modality (the easiest to assess in non-
collaborative patients) and aims to disentangle acoustic,
perceptual, phonological and semantic levels of proces-
sing (Table 2). Using this approach, a patient in a vege-
tative state 9 months following a basilar artery thrombosis
(a notably uncommon cause of vegetative state) was
reported to show partially intact responses to semantically
ambiguous stimuli, ‘thought to tap higher aspects of
speech comprehension’ [47°]. These results do not neces-
sarily imply, however, that the patient was aware. As
pointed out by the authors, some aspects of semantic
processing may occur without conscious awareness.
Imaging studies in healthy controls have shown that
the semantic content of masked (unconscious) infor-
mation can be primed to affect subsequent behaviour
without explicit knowledge of the participant [48]. In the
same line, in a debatable study, noxious stimulation in
vegetative state patients was reported to activate not only
primary somatosensory cortex (as previously reported in
well-documented vegetative state patients [49]) but also
bilateral insular cortex. The insula is thought to be
important for pain perception and is found to be reliably
activated in pain neuroimaging studies [50]. A recent

PET study [51], however, showed activation of insular
cortex during general anaesthesia in volunteers, reflecting
cerebral autonomic responses (not conscious perception
of pain) evoked by the stimulation.

Preliminary data on the MCS show that overall cerebral
metabolism is decreased to values slightly higher but
comparable to those observed in vegetative state
[34°,52°]. Several functional ‘activation’ studies using
auditory stimuli have demonstrated large-scale ‘higher-
order’ cortical activation in MCS, normally not observed
in vegetative state patients [34°,53°%,54°,55°°]. In two
well-documented MCS patients, Schiff ez al. [53°°]
showed selective activation in components of the cortical
language networks during presentation of narratives read
in a familiar voice and containing personally meaningful
content (compared to baseline). Presentation of the nar-
ratives played backward activated the same networks as
forward narratives in the healthy controls, but not the
MCS patients. In the same line, Laureys e al. [34°]
reported a MCS patient in whom auditory stimuli with
emotional valence (infant cries and the patient’s own
name) induced a much more widespread activation than
did meaningless signal-correlated noise. Bekinschtein
et al. [54°] showed amygdala activation induced by stimuli
with emotional valence (the voice of the patient’s mother
compared with an unfamiliar voice) in a MCS patient
5 months after trauma.

Boly e al. [55°°] studied 30 brain-damaged patients and
reported activation spreading to ‘higher-order’ cortices in
MCS while remaining limited to ‘primary’ auditory areas
in vegetative state patients who were presented simple
auditory clicks. Similarly, a fMRI follow-up case study
by Bekinschtein e a/l. [56°] used a word presentation
paradigm and observed more widespread activation when
a posttraumatic vegetative state patient evolved to a
MCS. Vegetative state and MCS patients seem not only
to show differences in functional segregation but also,
and more importantly, in functional integration. Indeed,
cortico-cortical functional connectivity between auditory
cortex and a large network of temporal and prefrontal

Table 2. Hierarchical strategy to evaluate cognition in non-communicative severely brain-damaged patients

Level of processing Question posed

Contrast used

Regions involved

Acoustic
Perceptual

Basic response to any sound?

Discrimination between different
categories of sound (i.e.
recognise speech as more than
a sound?)

Recognise words in absence of
overall meaning (i.e. content
of words)?

Understand meaning of sentence?

noise

Phonological

ratios)
Semantic

Noise bursts, silence
Speech sounds, signal correlated

3 increasing levels of intelligibility
(depending on signal-to-noise

Ambiguous sentences (containing
words with more than one mean-

Auditory superior and middle temporal gyri
Superior temporal gyri, extending ventro-
laterally into superior temporal sulcus

Left anterior and superior temporal lobe

Left posterior inferior temporal cortex and
bilateral inferior frontal gyri

ing), unambiguous sentences

Strategy proposed by Owen et al. [46°] for neuroimaging, but also applicable to event related potentials studies [15°°,33°].
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Figure 2. Oversimplified scheme summarizing functional neuroimaging data in the vegetative state and minimally conscious state

Conscious control Vegetative

Neuronal
activity in
“Primary”
cortices

Neuronal ]
activity in
“Higher-order”
large-scale
network

vV Vv

1.

Minimally conscious

Baseline
resting
state

Meaningless
external
stimulation

{7 Meaningful
I external
stimulation

Neural activity in ‘low-level’ compared to large-scale ‘higher-level’ cortices distinguishes ‘vegetative’ from ‘minimally conscious’ processing. Note that
compared with controls, baseline resting metabolism (white bars) is massively reduced in vegetative state (VS) [42] but also minimally conscious state
(MCS) [34°,52°] patients and is lowest in ‘higher-level’ cortices (reflecting a deficient ‘default resting state’; i.e. vitiated inner speech and mental
imagery). In the VS, external stimulation still activates ‘low-level’ (*) cortices but these are isolated and disconnected from ‘higher-level' processing
(open triangles) [49,55°%*,566°,63,64] (for exceptions see Owen et al. [47°]). In MCS patients, meaningful stimuli (often with emotional valence; grey
bars) result in widespread cortical activation (open arrow) while meaningless stimuli (black bars) frequently fail to do so (filled arrows) [34°,53°°,54°].

cortices was more efficient in 15 MCS patients than in
15 vegetative state patients [55°°]. Finally, Coleman
et al. [57°], using simultaneous FDG-PET and EEG
recording, reported preserved neurometabolic coupling
between neuronal electrical function and cerebral metab-
olism in four MCS patients but not in the six studied
vegetative state patients [57°]. Such findings encourage
ongoing developments of neuromodulatory therapeutic
interventions [16°°] and deep-brain stimulation strategies
in MCS patients [52°,58].

Conclusion

The bedside evaluation of consciousness in non-commu-
nicative brain-damaged patients is inherently difficult.
New standardized behavioural scales are offering better
means to disentangle vegetative from minimally con-
scious patients but our clinical assessment of cognitive
capacity directly depends upon the residual motor capaci-
ty. Complementary examinations such as electrophysio-
logical [59°,60°] and functional neuroimaging [37°°,61°]
studies can objectively measure brain function at rest and
during increasingly complex levels of external stimu-
lation. These studies are permitting modelling of the
residual neural processing pathognomonic of vegetative
and minimally conscious states [52°]. It is hoped that this
information will not only refine our diagnosis [62] but also
yield predictive value and form the basis of future thera-
peutic strategies [52°,58]. Fig. 2 [63,64] schematically
summarizes the reviewed functional imaging data.

It can, however, be argued that all the discussed ERP and
neuroimaging ‘activation’ paradigms merely identify

neural activation reflecting passive ‘automatic’ processing
(that is occurring without the need for wilful intervention
on the part of the subject) rather than demonstrating
preserved awareness. In this respect, Owen ez al. [46°]
have proposed that future studies explicitly instruct
subjects to remember or imagine well-defined sensory-
motor or cognitive mental actions. This strategy, if iden-
tifying robust and anatomically specific changes at the
single-subject level, could better reflect volitional or
‘consciously willed’ neural activation and hence be clear
evidence for awareness of the self and environment in
this clinically challenging patient population. Negative
findings, of course, could again not be interpreted as
evidence for lack of awareness.
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