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Conventional assessment of the level of awareness that is retained by a patient
with a disorder of consciousness following a brain injury is made on the basis of
exhibited behaviors. This is particularly challenging for clinicians who must decide
whether a certain behavior, which might be inconsistent or incomplete, reflects
a conscious or an unconscious process. These assessments are not only highly
subjective, but also dependent upon the ability of the patient to produce an
appropriate motor response. Recent developments in neuroimaging techniques
can provide a measure of the levels of awareness that these patients may retain,
and importantly, they overcome the necessity for these patients to produce
detectable movements by instead relying on their adopting appropriate ‘mind-
sets’ as instructed by the task. In this article, we review recent advances in this
field and discuss how they may accompany behavioral assessments in future in

order to provide diagnostic and prognostic information.

The process of diagnosing a patient with a disorder
of consciousness (DOC), such as the vegetative
state (VS) or minimally conscious state (MCS), is
a challenging one. Unlike other neurological con-
ditions, these DOCs are not defined by a particu-
lar pathology or neural marker, but must instead
be distinguished and diagnosed on the basis of
clinical history and careful behavioral assess-
ment. Such assessments typically rely on repeated
daily examinations of spontaneous and elicited
behavior in response to multisensory stimulation,
in accordance with specific scales such as the
Sensory Modality Assessment and Rehabilitation
Technique (SMART) (1], the JEK Coma Recovery
Scale — Revised (CRS-R) [2] or the Wessex Head
Injury Matrix (WHIM) [3]. In all cases, a diagno-
sis of VS is only made when a state of ‘wakefulness
without awareness’ [4] is observed, which in turn
depends on three defining features [3):

No evidence of awareness of the self or the
environment;

No evidence of sustained, reproducible, pur-
poseful or voluntary response to auditory,
tactile or noxious stimuli;

No evidence of language comprehension or
expression.

In time, a small number of VS patients may go on
to regain some degree of awareness, progressing
to MCS, while others may progress directly from
a comatose state to MCS. In contrast to the VS,

10.2217/FNL.10.87 © 2011 Future Medicine Ltd

minimally conscious patients show inconsistent
but reproducible evidence of awareness of them-
selves and their environment, in as much as they
can exhibit sustained, reproducible or voluntary
behavioral responses to sensory stimulation (e.g.,
visual, auditory, tactile or nociceptive).

While these scales all involve detailed behav-
ioral assessments, they are nevertheless ultimately
scored on the basis of the clinicians” subjective
opinions of the patients’ responses. This subjec-
tivity of assessment may lead to high levels of mis-
diagnosis by those who are less experienced in
their use, or indeed by experienced assessors when
behavioral signs are minimal or entirely absent.
Perhaps unsurprisingly, it has been reported in a
number of studies that up to 43% of patients with
a diagnosis of VS were in fact misdiagnosed [6-8].

The reliance upon the absence of overt motor
responses in order to reach a diagnosis of VS
meets a considerable challenge when the cases
of individuals with ‘locked-in syndrome’ are
considered. These individuals may lose all but
some minor motor abilities as a result of acute
injury (usually to the brain stem) and yet retain
complete awareness of themselves and their sur-
roundings. Such patients may then, under subjec-
tive behavioral assessment alone, be assumed to
be in a VS if their retained motor responses go
unnoticed — a diagnosis completely at odds with
their internal mental state. Clearly, the implica-
tions of these differential diagnoses on patients
and their families are profound.
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Recent advances in neuroimaging technology
may provide one solution to the reliance upon
behavioral responses when assessing patients
with DOCs. In 2006, Owen and colleagues
recharacterized the way in which an individual
can be said to respond to command by includ-
ing the hemodynamic response of the brain, as
detected with functional MRI (fMRI) [9]. In
that study, a patient who appeared to be in a
VS was asked to perform two mental imagery
tasks — imagining playing tennis and imagining
walking through the rooms of her house — that
are associated with the differential activation of
a number of distinct brain regions. The resulting
patterns of brain-responses, which were entirely
comparable with those observed in healthy,
awake, control participants performing these
same imagery tasks to command, allowed Owen
and colleagues to conclude that the patient was
responding to command and therefore retained
a level of awareness that was not apparent from
her (lack of) behavior. This result served to high-
light the potential contribution of neuroimaging
methods to diagnosis of the level of awareness
in patients with DOCs. This article presents a
review of recent developments in this field and
considers how they may contribute to the diag-
noses and prognoses of patients with DOCs.

Passive neural responses to stimulation:
functional MRI & EEG

One approach to assessing the cognitive abili-
ties of DOC patients with neuroimaging is by
means of passive stimulation (i.e., when there
is no task to be performed on the part of the
patient). Historically, the use of functional neu-
roimaging in studies of patients with DOCs
began with H,”O PET. In the first study of its
kind, de Jong and colleagues measured regional
cerebral blood flow in a VS patient during an
auditorily presented story told by his mother
(10). When compared with nonword sounds,
activation was observed in the anterior cingu-
late and temporal cortices, possibly reflecting
emotional processing of the contents or tone of
the mother’s speech. The following year, Menon
and colleagues observed robust activity in the
right fusiform gyrus, the so-called ‘human face
area, in a patient diagnosed as vegetative who
was presented with familiar faces [11].

In recent years, the field has shifted toward
the use of fMRI due to its increased statisti-
cal power and improved temporal and spatial
resolution [12]. With this technique, differential
responses to speech and nonspeech stimuli have
been observed in the so-called ‘language centers’
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of the brain in patients with DOCs [13,14]. It has
also been reported that a group of DOC patients
demonstrated greater activation of the anterior
cingulate cortex when hearing their own name
relative to unfamiliar names [15]. Similar con-
trasts have revealed activations in associative
areas of the temporal lobes [16] and medial pre-
frontal cortex [17] in some patients with DOCs.
EEG and eventrelated potentials (ERPs) have
revealed similar results. For example, when
presented infrequently among tones and other
names, a reliable mismatch negativity to their
own name has been observed in the ERPs of
some coma, VS and MCS patients, demonstrat-
ing some selectivity of those patients’ neural
responses to hearing their own name [18].

In the largest study of passive stimulation to
date, the fMRI activations of 41 patients with
DOCs were assessed with a hierarchical series
of language paradigms that increased system-
atically in the complexity of the processing
required [19]. At the most basic level, a contrast
was made between responses to simple nonlin-
guistic sounds and the response to the absence of
sound in order to assess basic acoustic processing.
At its highest level, contrasts were made between
responses to sentences containing semantically
ambiguous words (e.g., the creak/creek came
from a beam in the ceiling/sealing) and those
containing no semantically ambiguous words
(e.g., her secrets were written in her diary) in
order to reveal the brain activity associated
with the selection of the appropriate meaning
of these words and therefore of language com-
prehension. A total of 19 of the patients (almost
50%) who had been diagnosed as VS or MCS
showed normal or near-normal responses in the
low-level acoustic contrast (sound vs no sound)
and in the mid-level speech perception contrast
(speech vs nonspeech sounds). Four patients,
two of whom were behaviorally considered to
beina VS, exhibited normal brain activity in the
highest-level contrast designed to isolate neural
processes involved in speech comprehension.

While the observation of patterns of brain
activity comparable with those seen in healthy
controls during passive stimulation is an inter-
esting one, to what extent can we conclude that
this indicates awareness of the contents of the
speech on the part of the patient, rather than
simply an automatic response? What diagnostic
conclusions can really be drawn? Indeed, many
aspects of human cognition, including semantic
processing, can go on in the absence of aware-
ness [20.21]. Although this does not mean that
DOC patients who show responses to linguistic
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stimuli are not aware, it does preclude the pos-
sibility that one might unequivocally conclude
that they are. One means of teasing apart these
possibilities is to investigate the ways in which
the brains of sedated healthy control participants
respond during these passive paradigms. Davis
and colleagues recently used the same hierar-
chical language paradigm described previously
with healthy participants who were tested under
three levels of sedation, including a deep level in
which no conversational responses were observed
and the individual could only be roused by loud
command [22]. Interestingly, the differential neu-
ral processing of speech relative to nonspeech
stimuli remained intact, even at this highest level
of sedation, suggesting a level of automaticity
in the selective processing of speech over other
sounds. However, the normal patterns of activ-
ity observed in the contrast designed to inves-
tigate language comprehension (sentences con-
taining semantically ambiguous words vs those
that do not) were markedly absent even at light
sedation. Together, these findings suggest that
DOC patients who demonstrate comparable
activations at this highest level of contrast may
retain a level of conscious awareness, while those
showing activations in the lower-level contrasts
only may be no more consciously aware than an
individual who is heavily sedated.

Structural & functional connectivity
High-resolution MRI techniques have allowed
for the investigation of those brain structures
that are most important for determining the
level of awareness that is demonstrated behav-
iorally by patients with DOC:s. In a recent study,
Fernandez-Espejo and colleagues observed sig-
nificant reductions in the thalamic volume of
patients in a VS or MCS [23]. Interestingly, their
analysis technique allowed the authors to inves-
tigate the particular regions of the thalami that
were most affected, and they observed atrophy
predominantly in the dorsal body of the thalamus
for MCS patients, with much more widespread
bilateral atrophy in the group of VS patients.

One recent focus has been on investigations
of the so-called ‘default mode network’ (DMN)
of brain regions [24], including the precuneus,
temporo—parietal junction and medial prefron-
tal cortex, which show idling activity when an
individual is at rest and relative deactivations
when engaged in a task. Resting state data, simi-
larly to passive stimulation data, are very easy to
obtain in VS and MCS patients as it does not
require the performance of any task on the part
of the participant under study.
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Reductions in the functional connectivity of
regions of the DMN have been observed in non-
pathological states of altered consciousness, such
as anesthesia [25] (see [26] for a review). In the first
investigation of the DMN in VS patients, reduced
functional connectivity within these regions was
observed, predominantly in the right hemi-
sphere [27]. Boly and colleagues (28] described a
VS patient with preserved cortico—cortical blood
oxygen level-dependant connectivity within the
DMN, but absent cortico—thalamic connectivity,
highlighting the importance of the thalami in
behavioral demonstrations of awareness. In a sec-
ond study, resting-state connectivity was investi-
gated using probabilistic independent component
analysis in 14 noncommunicative brain-damaged
patients and 14 healthy controls [29). As specu-
lated by Cauda and colleagues (although their low
patient numbers did not allow them to be more
definite) [27], the level of functional connectivity
within DMN regions was found to be negatively
correlated with behavioral signs of awareness,
with VS patients showing reduced connectivity
relative to MCS patients, both of which were
reduced relative to healthy controls [29].

Another significant development during the
last decade has been methods for assessing the
structural connectivity of the brain (see [30] for
a comprehensive discussion of some of these
techniques). Diffusion tensor imaging (DTT) is
a noninvasive magnetic resonance technique that
allows examination of white matter fiber tracts i
vivo. To date, detailed histopathological studies
have shown no pathological distinctions between
the VS and MCS p31]. Coleman and colleagues,
as part of a multimodal approach to the assess-
ment of a patient in a MCS, observed reduced
fractional anisotropy — a measure of the diffusion
of water along white matter fiber tracts and there-
fore of anatomical connectivity — in comparison
with healthy controls, indicating widespread loss
of white matter integrity [32]. This was accom-
panied by a significantly increased apparent dif-
fusion coefficient in comparison with healthy
controls, suggesting a loss of cortico—cortical
connectivity. A prospective cohort study of serial
DTT following severe traumatic brain injury and
coma also found that cognitive and behavioral
improvements were correlated with recovery of
normal-to-supranormal fractional anisotropy in
preselected white matter regions (33], suggesting
possible axonal regrowth accompanying these
behavioral improvements.

Based on DTI measures of the integrity of
subcortical white matter and the thalami, it has
been recently demonstrated that it is possible to
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classify DOC patients into either a VS or MCS
with an accuracy of 95% [34]. Not only do these
findings together highlight the importance of
particular structures such as the thalamus and
its connectivity with the cortex in underpin-
ning awareness, they also provide a potential
diagnostic and prognostic tool based upon the
particular structural features that remain pre-
served. The increased routine acquisition of DTT
and resting-state data in future will allow for an
investigation of the utility of such information.

From passive response to

willful modulation

As discussed previously, brain responses to stim-
ulation may occur automatically in patients with
DOC:s. Such results do not, in of themselves,
run contrary to the behavioral diagnoses since
conscious awareness may not be necessary for
their generation. However, what if an element is
added to a task design that requires a conscious
response on the part of the patient in order to
produce appropriate patterns of neural activity?
This might show an ability to respond to com-
mand and therefore be at odds with the behav-
ioral diagnosis.

The aforementioned study by Owen and col-
leagues provided such evidence in a VS patient
who was able to generate consistent fMRI
responses during two mental imagery tasks; evi-
dence of command following that was entirely
inconsistent with the behavioral diagnosis [9].
In recent years, a number of similar tasks that
require volitional ‘behavior’ on the part of the
patient have been developed.

Monti and colleagues contrasted the hemody-
namic response during a task in which patients
were instructed to listen passively to a stream
of words (common nouns) with that during a
task in which they were instructed to count the
number of times a target word was heard [3s].
An MCS patient produced activations in a fron-
toparietal network of regions that were compa-
rable with those observed in healthy control
participants. Similarly, using ERPs, Schnakers
and colleagues were able to demonstrate com-
mand following in a task in which, in half of
the blocks, patients were instructed to count the
number of instances of their own name, in con-
trast to passive listening in the remaining blocks
(36]. Similarly to healthy control participants, a
group of MCS patients demonstrated reliably
larger P3 ERP components, which are linked
to target detection, during the active counting
task. Since the only aspect that differed between
the two conditions in both the fMRI and ERP
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tasks was the patient’s intention (to count or to
listen), as guided by the prior instruction, it was
possible to infer that these patients could follow
commands and were therefore, according to uni-
versally accepted clinical guidelines, conscious
and aware. By contrast, overt (motor) forms of
command following were, at best, inconsistent
when the patients were tested behaviorally.

The potential for functional neuroimaging
techniques to benefit patients in a more direct
way was recently demonstrated by Monti and
colleagues who mapped the two mental imag-
ery tasks employed previously by Owen and col-
leagues (playing tennis and navigating around
a house [9]) onto the responses ‘yes’ and ‘no’.
Patients were instructed to perform one imagery
task to respond ‘yes’ and the other to respond ‘no’
(37). Remarkably, a patient who had been repeat-
edly diagnosed as being in a VS over a 5-year
period was able to respond correctly to a series
of autobiographical yes/no questions using this
method. This is the first time that two-way com-
munication has been demonstrated with such a
patient without the production of overt behavior.
Such a result also shows that the patient was not
only aware, but that many of his higher cognitive
functions were largely intact (Ficure 1).

Implications for diagnosis & prognosis
In severe brain injury, when the request to per-
form a movement is followed by an appropriate
motor response, the diagnosis can change from
a VS to MCS due to the presence of overt evi-
dence of awareness. By analogy, if the request to
activate a particular brain region by imagining
a particular movement is followed by an appro-
priate brain response, should that response not
be given equal weight? Skeptics may argue that
brain responses are somehow less physical, reli-
able or immediate than motor responses but, as
is the case with behavioral assessments of motor
responses in this patient group, these arguments
can be dispelled with careful measurement, repli-
cation, and objective verification. For example, if
a patient who was assumed to be unaware raised
his/her hand to command on just one occasion,
there would remain some doubt as to the pres-
ence of awareness, given the possibility that this
movement was a chance occurrence coincident
with the instruction. However, if that same
patient were able to repeat this response to com-
mand on ten occasions, there would remain little
doubt that the patient was aware. Indeed, the
JFK CRS-R behavioral score requires a patient
to move to auditory command on only three out
of four occasions to be considered MCS rather
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Sample question scans

Imagine tennis to answer ‘YES’
Imagine navigating to answer ‘NO’

A Is your father’'s name Alexandert?

Patient

B Do you have any brothers?

Control

Cc Is your father’'s name Thomast?

Figure 1. Communicating with a patient who was assumed to be in a vegetative state for
5 years. Imaging results are shown from two sample question scans for the patient and a healthy
volunteer. (A) and (B) depict two question scans indicating a ‘yes’ response. (C) and (D) depict two
question scans indicating a 'no’ response. The names used in the questions have been changed to

protect the privacy of the patients.

Names have been changed to protect the identity of those involved.

Reproduced with permission from [37].

than VS [2]. By the same token, if that patient
was able to activate appropriate regions of his/
her brain in response to command (e.g., by being
told to imagine particular movements) and was
able to do this on every one of, say, ten trials,
would we not have to accept that this patient
was consciously aware?

Therefore, what are the implications for the
diagnoses of those patients reported by Owen
and colleagues [9] and Monti and colleagues [37)
who were able to produce consistent neural
responses to command? Clearly, the clini-
cal diagnoses based on behavioral assessments
were inaccurate in the sense that they did not
accurately reflect the patients’ internal states of
awareness. However, these patients were not mis-
diagnosed in the sense that no behavioral marker
of awareness was missed. A crucial step in the
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quest to establish real communication in a non-
responsive patient is first to establish that they
are aware and can make responses by modulat-
ing brain activity (which can then be marshaled
for use in a communication device). While this
neural ‘behavior’ does not alter the patients’
formal diagnoses at present, it demonstrates a
level of responsivity that could not be revealed
by behavioral examinations alone and provides
information that is useful both for families (to
know that their loved one is aware) and for the
medical team (to know that the patient is aware
and therefore may benefit from further efforts to
engage in ‘communication’ with them). These
assessment methods may also provide important
additional information (e.g., regarding improve-
ment or deterioration) in patients treated with
experimental brain stimulation and other
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therapies [38,39].

A second question concerns the implications
that emerging neuroimaging approaches may
have for prognosis in this patient group. At pres-
ent, predicting survival, outcome and long-term
cognitive deficits in individual patients with
severe brain injury based on clinical assess-
ment is very difficult (for extensive reviews, see
[40.41-43]). However, evidence for the added prog-
nostic value of neuroimaging in DOCs is begin-
ning to accumulate. Coleman and colleagues
showed that the extent to which a patient’s fMRI
response to their hierarchical language paradigm
was comparable with healthy controls and was
highly predictive of their behavioral recovery
6 months later (Ficure 2) [19]. Di and colleagues
reviewed 15 separate H,?O PET and fMRI
studies involving 48 published cases that were
classified as ‘absent cortical activation’, ‘typical
activation’ (involving low-level primary sensory
cortices), and ‘atypical activation’ (correspond-
ing to higher-level associative cortices) [44]. The
results showed that atypical activity patterns
appear to predict recovery from a VS with 93%
specificity and 69% sensitivity. That is to say,
nine out of 11 patients exhibiting atypical activ-
ity patterns recovered consciousness, whereas 21

out of 25 patients with typical primary cortical
activity patterns and four out of four patients
with absent activity failed to recover.

EEG has also been recently shown to provide
prognostic information. For example, it has
been observed that occipital source power in the
o-band (8-13 Hz) of resting EEG, as calculated
with low-resolution electromagnetic tomogra-
phy, is correlated with recovery outcome at
3-month follow-up in a group of VS patients [45};
those who made a behavioral recovery had
higher resting a-band power than those who
did not make a significant recovery. Schnakers
and colleagues calculated the bispectral indices,
a composite measure of the frequency content
of the EEG, of a mixed group of VS and MCS
patients [46]. The bispectral indices were shown
to be positively correlated with behavioral scores
of awareness at the time of testing and associ-
ated with outcome at 1 year post-trauma. Taken
together, these important results strongly sug-
gest that functional neuroimaging data can not
only provide important information regarding
the state of awareness of the patient beyond that
available from bedside examination, but can also
help determine the potential for future behav-
ioral recovery. These benefits clearly argue for
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Figure 2. Prognostic value of the level of auditory processing achieved by vegetative state
and minimally conscious state patients during functional MRI. Patients are grouped by
diagnosis and etiology, plotted against their 6-month post-scan highest CRS score. Images at the
bottom show left hemisphere activation for each level of auditory processing from groups of

healthy participants.

CRS: Coma Recovery Scale; fMRI: Functional MRI; MCS: Minimally conscious state; VS: Vegetative state.

Reproduced with permission from [19].
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the use of neuroimaging techniques alongside
conventional behavioral assessments in patients

with DOCs.

Conclusion & future perspective

It must be noted that the interpretation of neu-
roimaging findings is not without its challenges.
Acquiring and analyzing fMRI data is especially
difficult and complicated in this patient popula-
tion [47). In addition, both neuroanatomy and
functional neuroanatomy may be severely altered
and have undergone some amount of functional
remapping in these patients and will therefore
affect the interpretability of neuroimaging
data, especially when using healthy volunteers
as a benchmark. An important issue also relates
to the interpretation of negative findings. It is
possible for neuroimaging studies to yield no
evidence of differential neural activity even in
healthy controls, especially on an individual sub-
ject basis, due to the reduced statistical power
to detect any differences that accompany such
comparisons. As with behavioral assessment,
repeated scanning at different times of day can
help rule out the possibility that, for instance,

The problem of misdiagnosis

the patient was asleep at the time of the previ-
ous negative scan. The continued development
of a battery of tasks that involve stimuli from
different modalities and measurements from
multiple neuroimaging modalities (e.g., fMRI,
EEG/ERP or near-infrared spectroscopy) will
also help to increase the number of opportuni-
ties that a patient may have to be able to produce
an appropriate neural response when they are
able to. For instance, a behaviorally vegetative
patient with a lesion to their supplementary
motor area (SMA) will probably be unable to
produce appropriate activations of their SMA
when instructed to imagine particular move-
ments, but may be able to demonstrate a level of
awareness in a (non-SMA-dependent) task that
involves target detection.

The further development of paradigms that
employ neuroimaging methods such as EEG or
near-infrared spectroscopy is also of particular
importance in this patient group due to the con-
siderably reduced cost and improved portability
of such methods when compared with MRI.
With such techniques, a greater proportion of
patients can be assessed, including those who

Review

At present, diagnoses of the vegetative state (VS) and the minimally conscious state (MCS) are made on the basis of subjective

behavioral assessments of motor responses.

Recent advances in neuroimaging may provide a means of more accurately assessing a patient’s state of awareness than can be

provided by behavioral assessment alone.
Passive neural responses to stimulation

Patients in a VS and MCS have been shown to demonstrate neural responses comparable with healthy controls with a number of
different types of stimuli, including faces and speech.

Some patients have even demonstrated neural responses suggestive of language comprehension.

Structural & functional connectivity

The level of functional connectivity within regions of the default mode network has been shown to be negatively correlated with
behavioral signs of awareness in this patient group.

Damage to the thalami and a widespread loss of white matter integrity have been observed in this patient group, the extent of which
can also be used to classify patients into VS or MCS with an accuracy of 95%.

From passive response to willful modulation

Functional MRI has allowed the remarkable two-way communication with a patient who had been behaviorally considered to be in

aVs.
Implications for diagnosis & prognosis

The extent to which a patient’s brain responds to linguistic stimuli in a hierarchical functional MRI paradigm has been shown to be
predictive of their behavioral recovery 6 months later.

Activation of higher-level associative cortices as detected by PET has also been shown to predict recovery from VS with 93% specificity

and 69% sensitivity.
Future perspective

The future development of a battery of neuroimaging tasks that allow these patients opportunities to demonstrate their awareness

where it is retained is vital for the accurate assessment of these patients, alongside conventional behavioral tests.

The further standardized use of neuroimaging with these patients will also allow investigations of the prognostic contributions these

data may make.

In future, EEG may offer a brain—computer interface for some of these patients to communicate, despite being behaviorally unable to

do so.

future science group
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may not have access to an MRI owing to geo-
graphic, financial or physical (i.e., having metal
plates or pins) reasons. Broadening the availabil-
ity of these measures will have clear implications
for both patients and caregivers.

The finding of Monti and colleagues that it
is possible to communicate with behaviorally
vegetative patients using neuroimaging (37) has
also opened a door into a world of possibili-
ties for the development of ways with which to
provide some communicative abilities to those
(apparently) VS or MCS patients who may retain
sufficient cognitive abilities to do so. It is clear
that an fMRI-based task is not going to be able
to provide such a solution for the majority of
patients due to the expense of MRI scanning
and the frequency with which these patients will
have to access an MRI scanner. There is already
an extensive body of research that has shown
that sophisticated EEG-based brain—computer
interfaces can allow physically impaired individ-
uals a degree of control over computerized and

mechanical devices [48]. The relatively lower cost
of the EEG method and its indifference towards
metal implants (e.g., pins and plates) that would
preclude an individual from ever entering an
MRI scanner, coupled with the existing EEG
brain—computer interfaces literature, clearly
point to the future potential of the EEG method
in this patient group. While technically chal-
lenging, recent preliminary results suggest that
this potential may soon be realized [49).
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