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Background: The minimally conscious state (MCS) is
a recently defined clinical condition; it differs from the
persistent vegetative state (PVS) by the presence of in-
consistent, but clearly discernible, behavioral evidence
of consciousness.

Objective: To study auditory processing among pa-
tients who are in an MCS, patients who are in a PVS, and
healthy control subjects.

Methods: By means of '’O-radiolabeled water—
positron emission tomography, we measured changes in
regional cerebral blood flow induced by auditory click
stimuli in 5 patients in an MCS, 15 patients in a PVS, and
18 healthy controls.

Results: In both patients in an MCS and the healthy con-

trols, auditory stimulation activated bilateral superior tem-
poral gyri (Brodmann areas 41, 42, and 22). In patients
in a PVS, the activation was restricted to Brodmann areas
41 and 42 bilaterally. We also showed that, compared with
patients in a PVS, patients in an MCS demonstrated a
stronger functional connectivity between the secondary
auditory cortex and temporal and prefrontal association
cortices.

Conclusions: Although assumptions about the level of
consciousness in severely brain injured patients are dif-
ficult to make, our findings suggest that the cerebral ac-
tivity observed in patients in an MCS is more likely to
lead to higher-order integrative processes, thought to be
necessary for the gain of conscious auditory perception.
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HE MINIMALLY CONSCIOUS

state (MCS) has recently

been defined as “a condi-

tion of severely altered con-

sciousness in which mini-
mal but definite behavioral evidence of self
or environmental awareness is demon-
strated”.!®p3>035D Bedside evaluation of re-
sidual cognitive function in patients in an
MCS is difficult because they are rapidly
exhausted and may show fluctuating lev-
els of arousal, attention, and motor re-
sponsiveness. We used ’O-radiolabeled
water—positron emission tomography
(PET) to objectively measure cerebral ac-
tivation patterns in response to auditory
stimuli in patients in an MCS and com-
pared it with that observed in healthy con-
trol subjects and in patients in a persis-
tent vegetative state (PVS). Given that our
previous studies have stressed the role of
functional cerebral integration deficits in
unconscious patients in a PVS,** we also
looked for differences in cortico-cortical
functional connectivity* during auditory
processing in patients in an MCS com-
pared with patients in a PVS.
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SUBJECTS

We prospectively studied 5 patients in an
MCS (2 females and 3 males; age range,
46-74 years), 15 patients in a PVS (3 females
and 12 males; age range, 19-75 years), and 18
healthy volunteers (10 females and 8 males;
age range, 19-64 years). Patients’ conditions
were diagnosed according to internationally
established criteria for MCS! and PVS.°
Demographic data of patients in an MCS are
summarized in Table 1. Demographic data
of patients in a PVS have been reported previ-
ously?; causes were cardiorespiratory arrest
(n=5), diffuse axonal injury (n=3), drug
overdose (n=2), prolonged respiratory insuf-
ficiency (n=2), encephalitis with diffuse
white matter lesions (n=2), and carbon mon-
oxide intoxication (n=1). All patients had
preserved pupillary, corneal, and vestibulo-
ocular reflexes.

After admission to the hospital and while
in awake periods (as demonstrated by simul-
taneous polygraphic recordings) patients un-
derwent scanning a mean (SD) of 33 (11) days
for those in an MCS and 36 (9) days for those
ina PVS. Informed consent was obtained from
the persons having legal responsibility for the
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Table 1. Clinical, Electrophysiological, and Structural Imaging Data of Patients in the Minimally Conscious State

Patients
Variable I 1 2 3 4 5
Sex/age, y F/46 M/51 M/74 F/46 M/50
Cause Respiratory arrest ~ Trauma Encephalitis Hypertensive Diffuse axonal injury
encephalopathy
GCS on admission (maximum score 3 3 14 3 6
15)
Time of PET, No. of days after 124 20 40 46 37
admission
QOutcome at 6 mo Markedly dependent Moderately Died Independent in special Markedly dependent
dependent environment
Clinical evaluation at time of PET
Interactive communication Absent Absent Absent Absent Absent
Functional use of =2 objects Absent Absent Absent Absent Absent
Best verbal response Sporadic intelligible  None None None Incomprehensible
(prayers) sounds
Best gestural response to auditory ~ Reaching for Finger flexion of left ~ Smiling in relation to  Vertical gaze movements,  Tongue protrusion
stimuli objects hand relevant verbal inconsistent tongue
stimuli protrusion
Eye opening Spontaneous Spontaneous Spontaneous Spontaneous Spontaneous
Sleep-wake cycles Present Present Present Present Present
Arousal level Normal Normal Normal Fluctuating Fluctuating
Eye movements Consistent tracking  Inconsistent fixation ~ Tracking of family Tracking Inconsistent tracking
and fixation members and fixation
Eye blinking to visual threat Present Present Present Present Present
Breathing Normal Normal Normal Normal Normal
Gag reflex Present Present Present Present Present
Deep tendon reflexes Increased Normal Increased Increased Increased
Skeletal muscle tone Flexor Flaccid Rigid Extensor Normal
Paralysis paresis Bilateral Bilateral Bilateral Bilateral Bilateral
Babinski sign Bilateral Absent Absent Bilateral Absent
Electroencephalographic finding
Background activity Disorganized theta ~ Reactive theta, Disorganized theta Reactive, disorganized Disorganized delta
moderate diffuse theta
delta
Magnetic resonance imaging
Increased intensity on T2 Basal ganglia, Left frontal Diffuse white matter  Diffuse white matter Diffuse white matter
diffuse white contusion, diffuse
matter white matter

Abbreviations: GCS, Glasgow Coma Scale; PET, positron emission tomography.

patients and from all controls. The study was approved by the
ethics committee of the University of Liege, Liege, Belgium.

DATA ACQUISITION

Changes in regional cerebral blood flow were measured using O-
radiolabeled water—PET as described elsewhere.’ Scanning was
performed during rest and left-sided and right-sided auditory
stimulation (5.1-Hz, 95-dB monaural clicks with contralateral
55-dB white noise). The remaining scans were performed with
median nerve stimulation (14 patients in a PVS and 4 patients in
an MCS) or presentation of human voices (1 patientin a PVS and
1 patient in an MCS). Results regarding the other acquisitions will
be reported elsewhere once a larger cohort of patients is in-
cluded. Each condition was repeated 3 times and the presenta-
tion order was pseudorandomized. Patients’ vital parameters and
brainstem auditory evoked potentials were recorded through-
out the procedure. Stimulation intensity was identical for all sub-
jects. A high-resolution, T1-weighted, magnetic resonance im-
age was obtained for coregistration to the PET data.

DATA ANALYSIS

Positron emission tomographic data were realigned, spatially nor-
malized,’ smoothed (16 mm), and analyzed using statistical para-

metric mapping (SPM99).” Data obtained during left-sided au-
ditory stimulation and rest were flipped as reported previously.?
A random effect® analysis identified brain areas that activated dur-
ing auditory stimulation. We calculated 1 contrast (stimulation-
rest) per subject (accounting for the within-subject component
of the variance) and used these contrast images in a second de-
sign matrix (accounting for the between-subject component of
the variance) separating the data into 3 groups (controls, pa-
tients in an MCS, and patients in a PVS). We then performed 2
conjunction analyses looking for activation (1) common to con-
trols and those in a PVS and (2) common to controls and those
in an MCS. We also looked for the groups (MCS-PVS)
X condition (stimulation-rest) interaction, searching for areas
less activated in patients in a PVS than in patients in an MCS.
Given our a priori® activation in superior temporal areas, re-
sults were thresholded at small-volume—corrected P<<.05 (20-
mm-diameter sphere centered on peak voxels).

Finally, a psychophysiological interaction analysis** looked
for differences in functional connectivity between MCS and PVS.
Our hypothesis was that patients in an MCS and patients in a
PVS would differ in their degree of functional integration of
auditory stimuli. We identified areas in which activity was modu-
lated by secondary auditory cortex (ie, peak activation in con-
trols; Brodmann area 42) differently in those in an MCS vs those
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Figure 1. Brain regions showing activation during auditory stimulation in healthy control subjects (A), patients in a minimally conscious state (B), and patients in a
persistent vegetative state (C). Coronal section 28 mm behind the anterior commissural line.

Table 2. Areas That Became Activated During Auditory Stimulation in Healthy Control Subjects and in Patients in an MCS
Region BA Coordinates™ T Value P Value
Healthy Control Subjects

TTG
Contralateral 4 -40, -28, 12 5.14 <.001
Ipsilateral 41 39,-32,10 3.71 .01
Superior surface of STG
Contralateralt 42 -44,-31,7 6.68 <.001
Ipsilateral 42 44, -32,13 4.25 .002
Lateral and inferior part of STG
Contralateral 22 -54,-34,16 3.67 .03
Ipsilateral 22 38,-30,0 4.45 .002
Patients in an MCS
TTG
Contralateral 4 -42,-31,7 3.02 .001
Ipsilateral 4 38, -30, 16 2.84 .002
Superior surface of STG
Contralateral 42 -44,-28,14 2.60 .004
Ipsilateral 42 42,-33,9 2.87 .001
Lateral and inferior part of STG
Contralateral 22 -44,-29,0 2.58 .005
Ipsilateral 22 42,-33,3 3.16 .001
Patients in a PVS
TTG
Contralateral 4 -34,-25,5 2.21 .04
Ipsilateral 4 34,-25,7 2.84 .02
Superior surface of STG
Contralateral 42 -38,-29, 1 2.07 .04
Ipsilateral 42 42, -34, 11 3.77 .01

Abbreviations: BA, Brodmann area; MCS, minimally conscious state; PVS, persistent vegetative state; STG, superior temporal gyrus; TTG, transverse temporal

gyrus.
*Goordinates are defined in stereotaxic space.'
tThis area was used for further connectivity assessment.

in a PVS. As we expected a large diversity of areas’ and no a
priori areas could be suggested; results were thresholded at clus-
ter- or voxel-level-corrected P<<.05.

— T

Brainstem auditory evoked potentials were normal, show-
ing preserved function of the auditory periphery to the
inferior colliculus in all patients. In controls, auditory
stimulation activated auditory cortex contralateral and

ipsilateral to the side of stimulation (mean volumes of
activation were 6.4 and 1.6 mL, respectively; Figure TA).
The activated areas encompassed bilateral transverse tem-
poral gyri (TTG) (Brodmann area 41) and superior tem-
poral gyrus (STG) (Brodmann areas 42 and 22)
(Table 2). In patients in an MCS, auditory stimulation
activated bilateral auditory cortex (mean volumes were
2.8 mL contralateral and 1.6 mL ipsilateral to the side of
stimulation; Figure 1B). Peak voxels were located in bi-
lateral TTG (Brodmann area 41) and STG (Brodmann
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Compared With Patients in PVS

Table 3. Areas Where Functional Connectivity With Secondary Auditory Cortex Was Different in Patients in MCS

Region BA Coordinates T Value P Value
Posterior part of STG 22 -57, -44,17 4.75 .03*

Middle temporal gyrus 21 -61,-49, 3 5.66 <.001*
Inferior frontal gyrus 44/45 -57,18,1 3.92 .0081
Middle frontal gyrus 9 -32, 44, 33 4.45 <.0011
Middle frontal gyrus 46 -48, 40, 15 4.29 .001F
Superior frontal gyrus 10 -12,68, 8 4.49 .04t

Abbreviations: BA, Brodmann area; MCS, minimally conscious state; PVS, persistent vegetative state; STG, superior temporal gyrus.

*Pvalue corrected for multiple comparisons at the voxel level.
TP value corrected for multiple comparisons at the cluster level.

Figure 2. Cross-correlation of neural activity in
auditory cortex (coordinates -44, -31, and 7) and

rCBF in Contralateral Superior Temporal Gyrus (BA 42)

© prefrontal cortex (coordinates -42, 35, and 4) in
patients in a minimally conscious state (MCS) vs
patients in a persistent vegetative state (PVS). Inset,
View of the the brain areas that remain functionally
= o o connected with auditory cortex in patients in an MCS
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areas 42 and 22) (Table 2). In patients in a PVS, auditory
stimuli also activated the bilateral auditory cortex, but the
extent of this activation was much smaller (mean vol-
umes were 0.4 mL contralateral and 0.7 mL ipsilateral; Fig-
ure 1C). The peak voxels were located in bilateral TTG
(Brodmann area 41) and STG (Brodmann area 42) (Table
2). In controls, patients in a PVS, or patients in an MCS,
activation patterns were not significantly different for left-
or right-sided auditory stimulation. The group (those in
an MCS vs those in a PVS) X task (stimulation vs rest) in-
teraction did not reveal significant differences in cerebral
activation between our 2 patient groups.

Finally, we observed a significantly tighter func-
tional connectivity>* in patients in an MCS than in pa-
tients in a PVS between Brodmann area 42 contralateral
to the stimulation and a network of brain areas including
contralateral posterior temporal areas (Brodmann areas 21
and 22) and several prefrontal regions: bilateral middle fron-
tal gyri (Brodmann areas 9 and 46), contralateral inferior
frontal gyrus (Brodmann area 44-45), and contralateral
frontal pole (Brodmann area 10) (Table 3 and Figure 2).

In response to auditory stimulation, patients in an MCS
activated spatially larger areas of auditory cortex than did
patients in a PVS. Functional connectivity** between the
secondary auditory cortex and the posterior temporal and
prefrontal areas, involved in higher levels of auditory pro-
cessing, was significantly more effective in patients in an
MCS than in patients in a PVS. In agreement with our
previous results,® controls activated bilateral temporal
Brodmann areas 41, 42, and 22. Patients in a PVS acti-
vated bilateral Brodmann areas 41 and 42, but not higher-
order associative Brodmann area 22. These results ex-
tend to a larger population of patients then our previous
work about auditory processing in a PVS.> Moreover, us-
ing a random effect analysis, we identified the common
denominator of cortical activation in response to these
auditory stimuli in the patient in a canonical PVS.

In patients in an MCS, the activation pattern was spa-
tially more extended than in patients in a PVS and encom-
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passed not only Brodmann auditory areas 41 and 42 but
also higher-order Brodmann area 22. A direct comparison
between MCS and PVS, however, showed no significant dif-
ference in activation. This might be due to (1) an interme-
diate level of activation in patients in an MCS compared
with controls and patients in a PVS, (2) power limitations
of the design (large variance in patient populations), or (3)
lack of emotional valence of the auditory stimuli. Indeed,
clinical experience shows that patients in an MCS are of-
ten more responsive to stimuli with high emotional con-
tent. Nevertheless, the activation of higher-order associa-
tive temporal cortices found in patients in an MCS probably
corresponds to a more elaborate auditory processing, al-
lowing further cognitive integration of the stimuli.

Whereas the aforementioned analyses of cerebral seg-
regation related to simple auditory processing did not show
significant differences between patients in an MCS and pa-
tients in a PVS, the study of functional connectivity**
showed significant differences in cortical integration of the
stimuli between patients in an MCS and patients in a PVS.
Indeed, only patients in an MCS showed preserved func-
tional connections between Brodmann area 42 and pos-
terior temporal and prefrontal associative areas. Poste-
rior temporal cortices (Brodmann area 22-21) have been
involved in high-order auditory perception.'*!* The uni-
modal part of this auditory associative area (Brodmann area
22) is thought to be involved in the analysis of temporal
acoustic features of speech and other highly modulated
sounds.®> Whereas its temporoparietal junction area is
known to receive inputs from caudal parabelt areas,"* many
of its neurons are heteromodal and participate in cogni-
tive aspects of auditory processing.'” Functional imaging
studies have reported activation of this area during audi-
tory attention and perception.'®'® Lesions in this region
lead to contralateral hemi-inattention, neglect, or extinc-
tion of auditory stimuli in both monkeys' and humans.*
The posterior part of the middle temporal gyrus (Brod-
mann area 21) is a multimodal associative area. Its neu-
rons do not code for specific acoustic features (eg, do not
exhibit frequency tuning), but are thought to be closely
related to auditory selective attention'® and aware percep-
tion.!” Therefore, the observed preservation in cortico-
cortical connectivity within different regions of the audi-
tory associative Brodmann areas in the MCS compared with
the PVS could be related to differences in attentional state
and conscious perception.

Our findings also showed preserved functional con-
nections in patients in an MCS between Brodmann area
42 and dorsolateral prefrontal (Brodmann areas 9 and 46),
posterior inferior frontal (Brodmann areas 44 and 45),
and frontopolar (Brodmann area 10) cortices. The role
of the frontal lobe in auditory processing and its con-
nections with auditory association cortices are not yet as
precisely determined as for the visual domain. How-
ever, studies in primates demonstrate connections be-
tween the temporal and prefrontal cortex.'? Recent work
also suggests the involvement of frontal processing in suc-
cessful normal auditory perception.** Prefrontal cortex
is also known to be involved in auditory attention'®** and
conscious perception of auditory stimuli.'”

Apart from their clinical interest, our findings also
contribute to the study of the neural correlates of con-

sciousness. It is, however, of major importance to stress
that our results should be used with appropriate cau-
tion regarding clinical decisions in individuals in a PVS
or an MCS. Our data describe canonical PVS and MCS
but do not rule out that some individuals might have cor-
tical activation above the identified common denomina-
tor of cortical activation. For instance, some patients in
a PVS may show a relatively preserved isolated cortical
activity,”?* which may express itself through isolated non-
purposeful behavior.** Also, the present >O-radiolabled
water—PET studies are only snapshot assessments of re-
sidual brain function, even if they were acquired during
continuous electroencephalographic monitoring to as-
sure the highest possible level of vigilance in each pa-
tient. It is well known from clinical experience that re-
petitive evaluations are mandatory in the evaluation and
categorization of severely brain injured patients.

B CONCLUSIONS

We showed preserved activation in bilateral auditory cor-
tices (Brodmann areas 41 and 42) in patients in a PVS
during simple auditory click stimuli, which probably re-
flects a residual neural encoding of basic sound at-
tributes without further high-order processing or func-
tional integration.? In patients in an MCS, a more
widespread activation was observed, encompassing bi-
lateral auditory associative areas (Brodmann area 22), sug-
gesting a more elaborate level of processing. Moreover,
we identified differences in cortico-cortical functional con-
nectivity between auditory cortex and a large network
of temporal and prefrontal cortices in patients in an MCS
compared with patients in a PVS. These findings encour-
age ongoing developments of neuromodulatory and cog-
nitive revalidation therapeutic strategies in patients in an
MCS.'® As a next step, more complex auditory stimuli
should be used to better characterize the residual cog-
nitive faculties of patients in an MCS.
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