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Abstract. The interest of functional imaging in patients in a vegetative state is twofold. First, the vegetative state continues to
represent a major clinical and ethical problem, in terms of diagnosis, prognosis, treatment, everyday management and end-of-life
decisions. Second, it offers a lesional approach to the study of human consciousness and adds to the international research
effort on identifying the neural correlate of consciousness. Cerebral metabolism has been shown to be massively reduced in the
vegetative state. However, recovery of consciousness from vegetative state seems not always associated with substantial changes
in global metabolism. Recent PET data indicate that some vegetative patients are unconscious not just because of a global
loss of neuronal function, but due to an altered activity in a critical fronto-parietal cortical network and to abolished functional
connections within this network and with non-specific thalamic nuclei. Recovery of consciousness was shown to be paralleled
by a restoration of this cortico-thalamo-cortical interaction. Despite the metabolic impairment, external stimulation still induces
neuronal activation as shown by both auditory and noxious stimuli. However, this activation is limited to primary cortices and
dissociated from higher-order associative cortices, thought to be necessary for conscious perception.
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tween different states. There is also a theoretical lim-
itation to the certainty of our clinical diagnosis, since
we can only infer the presence or absence of conscious
experience in another person.

Functional neuroimaging will never replace our clin-
ical assessment of patients in a vegetative state but it
can objectively describe how deviant from normal is
the cerebral activity and its regional distribution, at rest
and under various conditions of stimulation.

1. Introduction

Technical progress of medicine has increased the
number of patients who survive severe acute brain in-
jury. Some of these patients recover from their coma
within the first days after the insult, others will take
more time and go through different stages before fully
or partially recovering awareness (e.g., minimally con-
scious state) or will permanently lose all brain func-
tions (i.e., brain death). Clinical practice shows how
difficult it is to recognize unambiguous signs of con-

scious perception of the environment and of the self in
these patients. This difficulty is reflected by frequent
misdiagnoses of the vegetative state [6,10]. Objective
assessment of residual brain function is difficult in pa-
tients with severe brain injury because their motor re-
sponses may be limited or inconsistent [28]. In addi-

2. Brain metabolism in resting conditions

Positron emission tomography (PET) studies have
demonstrated that global brain metabolism in veg-
etative patients is reduced to 40-50% of normal
values [8,9,12,13,26,27,30,37,39,40,45,47] (Fig. 1).

tion, consciousness is not an all-or-none phenomenon Some studies however, have found normal cerebral

but should rather be conceptualized as a continuum be-

metabolism [45] or blood flow [1] in patients in a vege-
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Fig. 1. (A) Averaged image of glucose metabolism obtained in 110 control subjects (mean age 42; range 18 to 76 years) and (B) in 33 patients in

a vegetative state (mean age 42; range 13 to 82 years), spatially normalised into standardised stereotaxic space and shown in transverse sections
relative to the anterior-posterior commisural line. Glucose metabolic rates (expressed in mg/100 g/min) are proportional to the artificial scale.

To allow a better comparison of global patterns, controls and patients are represented according to the same scale. Note the marked depression
of metabolic rates in vegetative state patients of about 40% of normal values.

tative state. Compared to cerebral glucose metabolism, network is the most active in conscious waking [5,16,
cerebral blood flow seems to have a larger inter- 32] and the least active in altered states of conscious-
patient variability in the vegetative state [30]. Brain nesssuch as halothane-[4] or propofol-[14,18]induced
metabolism is lower in persistent vegetative state than general anaesthesia, sleep [32,34], hypnotic state [33,
in acute vegetative state [47]. Progressive Wallerian 38], and dementia [36,42]; suggesting its critical role
and trans-synaptic degeneration could be responsible in human conscious cognition [7,16,31].
for this progressive loss of metabolic functioning over Another hallmark of the vegetative state is the rel-
time. At present, there is no established correlation ative sparing of metabolism in the brainstem (encom-
between brain metabolism depression and patient out- passing the pedunculopontine reticular formation, the
come. hypothalamus and the basal forebrain) [22]. This al-
A global depression of cerebral metabolism is not lows for the maintenance of vegetative functions in
unique to vegetative state or coma. In slow wave sleep these patients such as: sleep-wake cycles, autonomic
overall brain metabolism decreases to 60% of nor- and ventilatory control, and cranial nerve reflexes.
mal waking values [32]. Another example of transient Itis still controversial whetherthe cerebral metabolic
metabolic depression is observed during general anes- dysfunction in vegetative patients reflects an irre-
thesia. Indeed, when different anesthetics are titrated to versible structural neuronal loss [41] or functional and
the point of unresponsiveness, the resulting reduction potentially reversible damage [24]. However, inthe rare
in cerebral metabolism is comparable to that observed cases where vegetative patients recover consciousness,
in vegetative patients [2—-4] (Fig. 2). PET shows afunctional recovery of metabolisminthese
In patients with a locked-in syndrome, overall supra- same cortical regions [27]. Moreover, the resumption of
tentorial cerebral metabolism has been shown to be long-range functional connectivity between the fronto-
preserved partially [30] or fully [19], whereas cerebral parietal cortices and between some of these and the
metabolism in comatose patients is reduced to approx- intralaminar thalamic nuclei parallels the restoration
imately 55% of normal values [19,46]. of their functional integrity [23]. The cellular mecha-
Characteristic of patients in a vegetative state is the nisms which underlie this neuronal functional recov-
impairment of metabolism in the polymodal associa- ery remain speculative: axonal sprouting, neurite out-
tive cortices (bilateral prefrontal regions, Broca’s area, growth, cell division (known to occur predominantly in
parieto-temporal and posterior parietal areas and pre- associative cortices in normal primates) [15] could be
cuneus) (Fig. 2) [26]. Interestingly, this fronto-parietal proposed as candidate processes.
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Fig. 3. The common functional neuroanatomy of vegetative state. Using Statistical Parametric Mapping (www.fil.ion.ucl.ac.uk/spm) we identified
areas where metabolism was relatively most impaired in vegetative patients compared to controls. Results are shown on a surface rendered 3-D
magnetic resonance image at voxel level corregted 0.05. Note that the most dysfunctional regions are the associative cortices (medial and
lateral prefrontal and premotor — encompassing frontal eye field- areas and medial and lateral parietal and temporal areas). The arrows represent
the impaired cortico-cortical and cortico-thalamo-cortical connections.

3. Brain activation during stimulation iar faces and meaningless pictures in an upper bound-
ary vegetative or lower boundary minimally conscious

Using the H'50 infusion technique, PET stud- post-encephalitis patient (no evidence of responsive-
ies have measure changes in regional cerebral blood ness except occasional visual tracking of family mem-
flow during auditory [11] and visual [35] stimulation.  bers) who subsequently recovered. Intriguingly, the
Menon and co-workers presented photographs of famil- visual fusiform face area showed significant activa-
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Fig. 4. (Upper part) Brain regions, shown in red, that activated during noxious stimulation in controls. (Lower part) Brain regions that activated
during stimulation in patients in a persistent vegetative state, shown in red and regions that failed to activate shown in blue. Projectedsen transver
sections of a normalized brain MRI template in controls and on the mean MRI of the patients (distances are relative to the bicommisural plane).

Reprinted from [25].

Fig. 5. Brain regions showing activation during auditory stimulation in (A) controls, (B) MCS and (C) PVS patients. Reprinted from [9].

tion. Schiff and co-workers recently studied a series
of chronic vegetative patients with unusual behavioral
fragments (e.g., uttering single words in isolation of
environmental stimulation [43]) by means of multi-
modal imaging techniques. Using PET, structural MRI
and magnetoencephalography (MEG) they showed that
isolated cerebral networks may remain active in well-
documented but atypical cases of vegetative state [45].
Our group studied pain perceptionin persistent vege-
tative state patients [25]. High intensity noxious electri-
cal stimulation activated midbrain, contralateral thala-
mus and primary somatosensory cortex in each and ev-
ery one of the 15 vegetative patients studied, even in the
absence of detectable cortical evoked potentials [25].
However, secondary somatosensory, insular, posterior
parietal and anterior cingulate cortices, which were ac-
tivated in all control subjects, failed to show activation
in a single vegetative patient (Fig. 3). Moreover, in the
vegetative patients, the activated primary somatosen-
sory cortex was shown to exist as anisland, functionally

disconnected from higher-order associative cortices of
the pain-matrix.

Likewise, although simple auditory click stimuli ac-
tivated bilateral primary auditory cortices in vegetative
patients, hierarchically higher-order multimodal asso-
ciation cortices could not be stimulated. Furthermore,
a cascade of functional disconnections were observed
along the auditory cortical pathways, from primary au-
ditory areas to multimodal associative and limbic ar-
eas suggesting that the observed residual cortical pro-
cessing in the vegetative state does not lead to integra-
tive processes thought to be necessary for conscious
awareness (Fig. 4) [21].

Itis very important to stress that these results should
be interpreted at the ‘population-level’ and must be
used with great caution regarding clinical or ethical
decisions in individual persons in a vegetative state.
Future studies, using more powerful techniques such
as functional MRI, are needed to assess noxious and
coghnitive processing of individual patients studied over
time.
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Fig. 6. Emotional processing in the minimally conscious state. Upper panel: Brain areas that showed activation (compared to rest) during

presentation of noise, cries and the patient’s own name projected on a 3D-MRI. Lower panel: Event related potentials in response to the patient’'s
own name (thick line) and to other names (thin line). Data are averages from 3 sessions (each containing 2X27 stimuli) obtained during PET

scanning. Reprinted from [29].

4. Differencesbetween vegetative and minimally etative state from the minimally conscious state in in-
conscious patients dividuals patients [20]. However, using a simple audi-
tory activation paradigm, we could show that each and
Because criteria for the minimally conscious state every of our five minimally conscious patients showed
have only recently been introduced, there are very few a more widespread activation than did any of the 15
functional imaging studies of patients in this condi- studied patients in a vegetative state (Fig. 4) [9]. In the
tion. Schiff and co-workers were the first to per- former, activation encompassed not only primary but
form functional MRI in minimally conscious patients.  also auditory associative areas, suggesting a more elab-
They demonstrated a residual capacity to activate large orate level of processing. Moreover, cortico-cortical
integrative networks in two minimally conscious pa- functional connectivity was significantly more efficient
tients [17]. This preservation of large-scale networks in minimally conscious as compared to vegetative pa-
may underlie rare instances of late recoveries of verbal tients, between auditory cortex and a large network of
fluency in such patients. Preliminary data from our temporal and prefrontal associative cortices.
laboratory show that overall cerebral metabolismis de-  In line with that observation, we recently described
creased to values comparable to those observed in thethat stimuli with emotional valence (cries and names)
vegetative state and that quantification of resting cere- induced a much more widespread activation than
bral metabolism does not permitto differentiate the veg- did meaningless noise in the minimally conscious
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state [29]. Such context-dependent higher-order audi- [3]
tory processing shows that content does matter when
talking to minimally conscious patients and encourage

the use of neuromodulatory and cognitive rehabilitation 4
strategies in this challenging patient population [44].

5. Conclusion [5]

The vegetative state is a devastating medical condi-
tion of wakefulness unaccompanied by any evidence
of awareness. At the patient's bedside, the evaluation g
of possible cognitive function is difficult because vol-
untary movements may be very limited, inconsistent
and easily exhausted [28]. In our opinion, the use of 7]
PET on growing scale and the future use of functional
MRI will substantially increase our understanding of  [g]
severely brain-injured patients. However, in the ab-
sence of a generally accepted neural correlate of hu-
man consciousness [7], it remains very difficult to inter-
pret functional neuroimaging data from severely brain-  [9]
injured patients as a proof or disproof of their ‘un-
consciousness’. We hope that further research efforts
will more closely correlate functional imaging with be-
havioral assessment, electrophysiological findings, and

possibly outcome in patients in a vegetative or mini- [10]
mally conscious state.
[11]
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