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An awakening

Michael N. Shadlen and Roozbeh Kiani

Neuroscientists and engineers are developing ways to help patients overcome paralysis and stroke. But
what about mental function itself? Can medical intervention restore consciousness?

Jean-Paul Sartre wrote': “In one sense choice
is possible, but what is not possible is not
to choose.” To the neurologist, however, gain-
ing consciousness is a decision of the uncon-
scious brain to make choices. Philosophers
and scientists may argue about the definition
of consciousness™, but neurologists have
little trouble identifying its absence. Now,
physicians are beginning to understand how
it can be restored in some patients with severe
brain damage. A case report by Schiff et al.
(page 600 of this issue’) raises hope in this
area, and sheds light on the neurobiological
underpinnings of consciousness. Schiff and
his colleagues treated a patient who had
been in a ‘minimally conscious state’ (Box 1,
overleaf) for several years after a serious
brain injury.

Sadly, the vast majority of coma patients do
not recover consciousness. The prognosis is
determined by the type of injury to the brain,
its extent, and the findings from serial neuro-
logical examinations®, For example, a trained
neurologist can predict with near certainty that
meaningful recovery will not occur for many
patients who remain in a coma for days after
acardiac arrest, in which the brain is deprived
of blood flow and oxygen. For other patients,
however, the outcome is less certain.

Even after severe brain injury, some patients
retain enough of the cerebral cortex to raise
hopes that some degree of organized mental
function might one day recover. Indeed, some
show intermittent signs that are clearly distin-
guishable from coma, despite an overall level
of function that is effectively unresponsive. For
these patients, we do not have reliable indica-
tors of prognosis, and we lack treatments that
might help the brain restore consciousness.

But advances in basic neuroscience are
beginning to reveal the brain systems that
are responsible for monitoring and sustain-
ing engagement with the world around us. A
key component is the thalamus, which lies
between the brainstem and the cerebral
hemispheres, and forms the gateway to the
brain’s cortex.

The thalamus is organized as a set of nuclei.
The best understood of these nuclei are those
containing the neurons that relay information

from the eyes, ears and skin to the appropri-
ate sensory cortex. But much of the thalamus
is poorly understood. Anatomical studies in
non-human primates have identified a class
of thalamic neuron that might operate more
generally in activating cortical networks®.
These neurons, which stain positively for the
calcium-binding protein calbindin, are found
in all thalamic nuclei. Although we know
littleabout the physiological properties of these
calbindin-positive cells, they tend to exhibit
a different pattern of connections with the
cortex compared with the relay cells. Their
axons terminate more broadly both across
cortical areas and in layers that the relay cells
miss. These calbindin-positive cells comprise
a large percentage of the intralaminar nuclei
of the thalamus — nuclei that have long been
thought to have a role in arousal.

Schiff ef al.* hypothesized that their patient
might express a minimal level of conscious-
ness because of a primary impairment of the
arousal system itself. The patient had suffered
irreparable damage to much of the cerebral

cortex, but many essential areas were pre-
served. By stimulating the intralaminar
nuclei, the authors hoped to switch on the
undamaged areas of cortex. Neurologists and
neurosurgeons have previously used electrodes
to monitor brain activity in patients with
epilepsy and to stimulate deep-brain regions
in the treatment of severe Parkinson’s disease.
Because the brain itself lacks sensory recep-
tors (after all, it is normally protected by a
cranium), these electrodes cause no discom-
fort. This insight, and extensive experience
with stimulation electrodes in animal experi-
ments’, made the procedure feasible and
relatively safe. Such considerations probably
helped to guide the complex ethical debate
preceding this experimental trial on a human
patient.

The results were dramatic. Within 48 hours
of the surgery to place the electrodes, the
patient, who had remained in a minimally
conscious state for 6 years, demonstrated
increased arousal and sustained eye-open-
ing, as well as rapid bilateral head-turning
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Behavioural improvements with thalamic stimulation
after severe traumatic brain injury

N. D. Schiff', J. T. Giacino™, K. Kalmar?, J. D. Victor', K. Baker", M. Gerber’, B. Fritz*, B. Eisenberg’, J. O'Connor?,
E. J. Kobylarz', S. Farris®, A. Machado®, C. McCagg’, F. Plum’, J. J. Fins® & A. R. Rezai*

Widespread loss of cerebral connectivity is assumed to underlie
the failure of brain mechanisms that support communication and
goal-directed behaviour following severe traumatic brain injury.
Disorders of consciousness that persist for longer than 12 months
after severe traumatic brain injury are generally considered to be
immutable; no treatment has been shown to accelerate recovery or
improve functional outcome in such cases'?. Recent studies have
shown unexpected preservation of large-scale cerebral networks in
patients in the minimally conscious state (MCS)™, a condition
that is characterized by intermittent evidence of awareness of self
or the environment®. These findings indicate that there might be
residual functional capacity in some patients that could be sup-
ported by therapeutic interventions. We hypothesize that further
recovery in some patients in the MCS is limited by chronic under-
activation of potentially recruitable large-scale networks. Here, in
a 6-month double-blind alternating crossover study, we show that
bilateral deep brain electrical stimulation (DBS) of the central
thalamus modulates behavioural responsiveness in a patient
who remained in MCS for 6 yr following traumatic brain injury
before the intervention. The frequency of specific cognitively
mediated behaviours (primary outcome measures) and functional
limb control and oral feeding (secondary outcome measures)
increased during periods in which DBS was on as compared with
periods in which it was off. Logistic regression modelling shows a
statistical linkage between the observed functional improvements
and recent stimulation history. We interpret the DBS effects as
compensating for a loss of arousal regulation that is normally
controlled by the frontal lobe in the intact brain. These findings
provide evidence that DBS can promote significant late functional
recovery from severe traumatic brain injury. Our observations,
years after the injury occurred, challenge the existing practice of
early treatment discontinuation for patients with only inconsist-
ent interactive behaviours and motivate further research to
develop therapeutic interventions.

Severe traumatic brain injury typically results in en passant
injuries to thalamic and midbrain structures that are essential parts
of the forebrain arousal regulation system®"'. We sought to deter-
mine whether DBS in the central thalamus could promote be-
havioural responsiveness in a patient in a chronic MCS by
approximating the normal role of mesial frontal cortical and brain-
stem inputs, which adjust firing rates in central thalamic neurons to
regulate cognitive effort and maintain brain metabolic activity dur-
ing normal wakefulness'™"".

As part of a multi-institutional, FDA- and IRB-approved clinical
trial, we implanted DBS electrodes bilaterally within the central thal-
amus of a 38-yr-old male who remained in an MCS following a severe

traumatic brain injury (see Supplementary Information). Over a
two-year course of inpatient rehabilitation and four subsequent
years in a nursing home, he failed to recover consistent command-
following or communication ability and remained non-verbal. Six-
and-a-half years after the injury, the patient was re-admitted to
an inpatient rehabilitation unit for comprehensive re-evaluation
and rehabilitation. Although he remained unable to communicate
reliably, functional MRI showed preservation of a large-scale, bi-
hemispheric cerebral language network, indicating that a substrate
for further recovery might exist’, Additional studies using positron
emission tomography showed that the patient’s resting global cereb-
ral metabolism was markedly reduced. These observations supported
our hypothesis that the patient’s inconsistent behavioural respon-
siveness and communication reflected a global reduction in neuronal
activity resulting from widespread de-afferentation and compression
injuries to the thalamus and midbrain®.

We used a single-subject, multiple baseline design to investigate
the effects of DBS using a priori statistical evaluation of preselected
behavioural metrics. A presurgical baseline established the patient’s
level of responsiveness before surgery. Post-surgical assessments were
conducted within 48 h and during a 2-month period preceding a DBS
titration phase in which the patient was exposed to varying patterns
of stimulation, to allow us to identify optimal behavioural responses.
After the titration phase, a six-month double-blinded crossover
phase began, in which DBS was alternated between being turned
on and turned off every 30 days (Fig. 1). A multidisciplinary neuro-
rehabilitation team performed all evaluations using standardized
assessment procedures.

To assess the effects of DBS, we prospectively chose the JFK Coma
Recovery Scale — Revised (CRS-R), a measure of neurobehavioural
function that has been validated in patients with disorders of con-
sciousness'*"* (Supplementary Fig. 1). We also developed three
secondary outcome measures that assessed object naming, purpose-
ful upper extremity limb movement and oral feeding to characterize
behavioural changes more fully (see Supplementary Information).
A comprehensive inpatient rehabilitation program was initiated
four months before surgery and continued without modification
throughout the study (Figs 1, 2a,b). This program consisted of phys-
ical, occupational, speech and recreational therapies and did not
differ from the patient’s initial course of rehabilitation, which had
been completed four years earlier.

CRS-R evaluations conducted over a three-week presurgical base-
line verified that the patient’s neurobehavioural status was stable.
Three subscales of the CRS-R were subsequently selected as the prim-
ary outcome measures. Scores on the Arousal subscale indicated that
the patient could not consistently respond to basic verbal commands.

"Department of Neurology & Neuroscience, Weill Cornell Medical College, New York, New York 10021, USA. 2JFK Johnson Rehabilitation Institute, Edison, New Jersey 0818, USA
3New Jersey Neuroscience Institute, Edison, Mew Jersey 08818, USA. “Center for Neurologic Restoration, Cleveland Clinic Foundation, Cleveland, Ohio 44195, USA. "Division of

Medical Ethics, Weill Cornell Medical College, New York, New York 10021, USA.
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