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The persistent vegetative state (PVS) is a devastat-
ing medical condition characterized by preserved
wakefulness contrasting with absent voluntary in-
teraction with the environment, We used positron
emission tomography to assess the central process-
ing of noxious somatosensory stimuli in the PVS.
Changes in regional cerebral blood flow were
measured during high-intensity electrical stimula-
tion of the median nerve compared with rest in 15
nonsedated patients and in 15 healthy controls.
Evoked potentials were recorded simultaneously,
The stimuli were experienced as highly unpleasant
to painful in controls. Brain glucose metabolism was
also studied with [**Flfiuorodecxyglucose in resting
conditions. In PVS patients, overall cerebral me-
tabholism was 40% of normal values. Nevertheless,
noxious somatosensory stimulation-activated mid-
brain, contralateral thalamus, and primary somato-
sensory cortex in each and every PVS patient, even
in the absence of detectable cortical evoked po-
tentials, Secondary somatosensory, bilateral insu-
lar, posterior parietal, and anterior cingulate corti-
ces did not show activation in any patient.
Moreover, in PVS patients, the activated primary
somatosensory coriex was functionally discon-
nected from secondary somatosensory, bilateral pos-
terior parietal, premotor, polysensory superior tem-
poral, and prefrontal cortices. In conclusion,
somatosensory stimulation of PVS patients, at inten-
sities that elicited pain in controls, resulted in
increased neuronal activity in primary somatosen-
sory cortex, even if resting brain metabolism was
severely impaired. However, this activation of
primary cortex seems to be isolated and dissociated
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from higher-order associative cortices. o 2002 Elsevier
Science (USA)

INTRODUCTION

Following severe brain injury, some patients
progress from coma to a state of wakefulness without
detectable awareness, called persistent vegetative
state (PVS) (Multi-Society Task Force on PVS, 1994b).
Pogitron emission tomography (PET) studies have
shown a global depression of cerebral metabolism and
blood flow in PVS patients (Levy et al., 1987; De Volder
et al., 1990; Tommasino et al., 1995; Rudolf ef al., 1999;
Laureys et al., 2001). In 1994, the position statement of
the Multi-Society Task Force on PVS concluded: “Fu-
ture PET studies should measure regional cerebral
activity in response to visual, auditory, and somatosen-
sory stimulation, to determine whether depressed cor-
tical regions in patients in a PVS can be activated by
peripheral sensory stimuli. A confirmation of the ab-
sence of evoked activity on the PET scan would help
defend the assertion that these patients are completely
unaware and insensate” (Multi-Society Task Force on
PVS, 1994a). So far, PET activation studies are limited
to isolated case reports. Using complex auditory (de
Jong et al., 1997) or visual (Menon et al., 1998) stimuli,
they have shown preserved higher cortical responses in
PVS. We have previously reported that auditory clicks
activated primary, but not associative, auditory corti-
ces in five vegetative patients (Laureys ef ol., 2000a).
The present study investigates somatosensory process-
ing in PVS patients, using high-intensity electrical
stimulation of the median nerve at the wrist. As the
stimuli were perceived as highly unpleasant to painful
in the healthy control population, we consider the stim-
uli as “noxious.” A better understanding of the cortical
processing of noxious somatosensory stimuli in the
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PVS is of major clinical and ethical relevance (Me-
Quillen, 1991). Using H,"O-PET, we measured
changes in regional cerebral blood flow (rCBF) during
stimulation compared with rest in 15 patients in a PV3
and in 15 healthy controls. Somatosensory evoked po-
tentials (SEPs) were acquired simultaneously and ce-
rebral metabolic rates for glucese were obtained in
resting conditions using [*Flfluorodeoxyglucose-PET.

MATERIAL AND METHODS

We prospectively studied 15 healthy volunteers (8
males, 7 females; aged 40 ® 9 years) and 15 nonse-
dated PVS patients (12 males, 3 females; aged 48 £ 17
years) diagnosed according to established ecriteria
{ANA Committee on Ethical Affairs, 1993; Multi-Soci-
ety Task Force on PVS, 1994a) and following repetitive
neurological examinations and careful anamnesis of
family members and medical caregivers. Patients with
normal flexion or withdrawal to noxious stimuli; pa-
tients with disputable clinical signs (e.g., attempts to
articulate or utter words, selective emotional re-
sponses, visual pursuit, visual fixation or response to
visual threat); patients with uncertain diagnosis; and
patients in a minimally conscious state (American Con-
gress of Rehabilitation Medicine, 1995; Giacino ef al.,
2002) were excluded from the present analysis. The
etiologies of the PVS were: cardiorespiratory arrest
(n = b), diffuse axonal injury (n = 3), drug overdose
(n = 2), prolonged respiratory insufficiency (n = 2),
encephalitis with diffuse white matter lesions (n = 2),
and carbon monoxide intoxication (n = 1). Mean Glas-
gow coma scores {GCSs) (Teasdale and Jennett, 1974)
were 4.9 * 2.5 SD (range 3-13) on admission and 4.3
1.2 {(range 3-8) at Day 3 (maximum summed score is
15 points). The time spent in vegetative state prior to
PET scanning was 36 = 9 days. Median nerve sensory
conduction velocity and SEP examinations excluded
peripheral nerve, plexus, or spinal cord lesions. Short-
latency auditory evoked potentials showed preserved
pontine and midbrain function in all patients. All PVS
patients had preserved pupillary, corneal, and ves-
tibulo-ocular reflexes. Patients were scanned while in
awake periods as demonstrated by simultaneous poly-
graphic recordings (electroencephalogram, electro-ocu-
logram and chin-electromyogram). Due to the sponta-
neous head and trunk movements of PVS patients,
scanning was performed during infusion of muscular
blocking agents (rocuronium bromide). Throughout the
procedure, patients were monitored by a senior anes-
thesiologist (M.E.F.) aided by a colleague anesthesiol-
ogist. Informed consent was obtained from all control
subjects and from the persons having legal responsi-
bility for the PVS patients. The study was approved by
the Ethics Committee of the Faculty of Medicine of the
University of Lidge and conducted according to the
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Declaration of Helsinki (World Medical Association,
1997) and to the International Association for the
Study of Pain (IASP) Ethical Guidelines for Pain Re-
search in Humans (Charlton, 1995).

Data Acquisition

SEPs were acquired on a Nicolet Viking System 4.0
(Nicolet Biomedical, Madison Wisconsin). Electrodes
were positioned on Fz and 2 cm behind the 10-20
system C-3 and C-4 positions. Further leads explored
the spinal potentials at the C-6 level (bipolar deriva-
tion} and the brachial plexus potentials on Erb’s point.
The ear lobe ipsilateral to the stimulated side served as
reference for cephalic and brachial plexus electrodes
(Tomberg et al., 1991). Stimuli consisted of 0.2-ms elec-
trical square-wave pulses delivered at 5.1 Iz to the
median nerve at the wrist. Stimulation intensities
were increased to the point where all SEP components
showed maximal amplitude (Lesser et al., 1979) and
rated as highly unpleasant to painful in controls. In-
tensities tended to be higher, but were not significantly
different, in patients compared with controls (mean =
SD:14.2 + 8.7mA vs 7.4 £ 5.9 mA). Automatic artifact
rejection was used and filter bandpass was 0.5 to 3000
Hz. The time window was 100 ms. Latencies and am-
plitudes (baseline to peak) were measured on the
screen with cursors.

PET data were obtained on a Siemens CTI 251 16/32
scanner. A transmission scan allowed for measured
attenuation correction. Fifteen H,*0 PET scans were
performed at 8-min intervals in three-dimensional
mode following infusion of 6 mCi (222 MBq). Each scan
consisted of a 30-s background frame and a 90-s frame.
Scanning was performed during rest, (left then right),
noxious stimulation, and (left then right) auditory
stimulation (preliminary results from the latter are
described elsewhere: Laureys et al., 2000a). Each con-
dition was repeated three times and the order of pre-
sentation was pseudorandomized. Stimulation started
10 s before the second frame and ended 60 s later.
Controls kept their eyes closed and patients’ eyes were
taped. Patient’s vital parameters (temperature, elec-
trocardiogram, blood pressure, O, saturation, respira-
tory rate, tidal volume, airway pressures, ingpired O,
fraction and Pgo, capnography) and SEPs were moni-
tored throughout the procedure. Cerebral metabolic
rates for glucose were measured after intravenous in-
jection of 5-10 mCi (185-370 MBq) [“Flfluorodeoxy-
glucose and arterial blood samples were performed for
quantification (Laureys et al., 2000a).

High-reselution T';-weighted MRI (voxel size: 0.96 X
0.96 X 1.35 mm) was performed on a 1.5-T Magnetom
imager (Siemens, Erlangen, Germany) within 5 days of
the PET study and used for coregistration to the PET
data in each patient.
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Date Analysis

PET data were analyzed using statistical parametric
mapping (SPM99; Wellcome Department of Cognitive
Neurology, Institute of Neurology, London, UK). Scans
obtained during left-sided stimulation were flipped.
Hence, results should be interpreted as contra- and
ipsilateral to the side of stimulation and not as left- or
right-sided. Data from each subject were realigned,
normalized into standard stereotactic space using a
symmetrical template, and smoothed using a 16-mm
full- width at half-maximum isotropic kernel (Friston,
1997). The random-effect analyses used a two-step pro-
cedure (Holmes and Friston, 1998; Peigneux et al,
2000}, A first-level analysis modeled within-subject
variances related to the experimental conditions, esti-
mated according to the general linear model at each
voxel. Proportional scaling performed global flow nor-
malization. Primary contrasts estimated the effect of
noxious stimulation versus rest in each subject (Fris-
ton, 1997). The resulting set of voxel values for each
contrast constituted a map of the ¢ statistic, SPM(T),
thresholded at P = 0.001 (T = 3.1).. The “contrast
images” obtained were then entered into a second-level
simple one-sample ¢ test which took inte account be-
tween-subject variances and identified generic activa-
tions common to all healthy controls. A similar second-
level analysis independently identified significant
activations in PVS patients. We then looked for brain
areas that would be significantly less activated by nox-
ious stimulation in each patient compared with to con-
trols using a first-level group interaction analysis fol-
lowed by a second-level random-eifect analysis.
Finally, a psychophysiological interaction analysis
(Friston et al., 1997) locked for differences in modula-
tion between S1 (the peak cortical voxel activating in
patients: x = —54,y = —26, z = 58) and the rest of the
brain in patients compared with controls, using a fixed-
effect -approach (Laureys-et-al.,-1999,-2000b), The re-
sults obtained in controls were considered significant
at voxel level P < 0.05 corrected for multiple compar-
isons. In patients, as we had an a priori hypothesis
concerning the brain areas of interest, results were
considered significant at small-volume-corrected P <
0.05, using a 10-mm radius spherical volume of inter-
est on our predetermined regions (i.e., coordinates of
brain regions previously identified in our control pop-
ulation: brain stem, thalami, 81, S2, insula, posterior
parietal, anterior cingulate and midcingulate cortices).
In contrast to the functional segregation maps, we had
not any firm a priori hypothesis for the functional
integration maps. Hence, results obtained from psy-
chophysiological interaction analyses were considered
significant at voxel level P < 0.05 corrected for whole-
volume multiple comparisons.

LAUREYS ET AL.

TABLE 1
Heart Rate and Blood Pressure in PVS Patients®

Rest Stimulation
Heart rate 96.3 £ 242 98.7 £ 23.2
Systolic blood pressure 140.2 + 18.0 1427 = 174
Diastolic blood pressure 76.6 £ 14.6 79.0 = 16.1

* Values are means * SD.

Differences between patients and controls for cere-
bral metabolic rates for glucose and SEPs and differ-
ences in patients’ vital parameters during rest and
stimulation were assessed using a two-tailed Student ¢
test. Results were considered significant at P < 0.05.

RESULTS

In PVS patients, mean metabolic rates for glucose in
overall gray matter were lesg than 40% of normal val-
ues (2.5 = 0.7 vs 7.1 = 1.3 mg/100 g per minute, P <
0.001). Patients’ vital parameters did not show signif-
icant changes during somatosensory stimulation com-
pared with rest (Table 1 shows heart rate and blood
pressure values). SEPs showed preserved peripheral
nerve, cervical, and brainstem responses in all pa-
{ients. Primary cortical responses (N20) were present
bilaterally in 11 and unilaterally in 1, and absent in 3
patients. None showed late cortical potentials (Fig. 1).
Latencies, amplitudes, and central conduction time
(P14 -N20) were lower in PVS patients than in controls
{Table 2) but remained within internationally accepted
normal Hmits (Guérit et al., 1999).

In controls, stimulation resulted in the subjective
experience of pain and increased rCBF in midbrain,
contralateral thalamus, and contralateral primary so-
matosensory (S1), contralateral secondary somatosen-
sory (S2), bilateral insular, posterior parietal, and an-
terior cingulate cortices (P < 0.05 corrected for
multiple comparisons) (Table 3, Fig. 2). In patients,
stimulation increased regional neural activity in brain
stem and contralateral thalamus and S1 (small-vol-
ume-corrected P < (.05) (Table 4, Fig. 2). No other
cerebral areas showed stimulus-related activation,
even at lower thresholds. Conversely, brain regions
that showed significantly less activation in patients
compared with controls were identified in hierarchi-
cally higher-order cortices: contralateral 82, bilateral
insula, caudal, and rostral anterior cingulate and bi-
lateral posterior parietal cortices {small-volume-cor-
rected P < 0.05) (Table 5, Fig. 2). In order to better
understand the meaning of the preserved cortical acti-
vation during noxious stimulation in PVS we studied
its functional connectivity. In patients, the activity
measured in S1 did not correlate with that measuredin -
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FIG. 1. Example of SEPs to left median nerve stimulation obtained in a patient in PVS with preserved peripheral and primary cortical

Tesponses.

any other cortical region (P < 0.001 uncorrected). Us-
ing a psychophysiological interaction analysis (Friston
et al., 1997), we identified differences in modulatory
interactions from and to S1 in patients compared with
controls. S1 did no longer experience direct or indirect
functional relationships with S2, premotor, posterior
parietal, superior temporal, and prefrontal cortices
(P < 0.05 corrected for multiple comparisons) (Table 6,
Fig. 3A). Moreover, at a less stringent threshold (P <

TABLE 2

Somatosensory Evoked Potentials®

Peak Controls Patients

Latency {ms) :

Erb’s point 10.2 = 0.8 11.3 £ 0.9*

N13 13512 14.8 = 1.0*

P14 148+ 1.0 15.9 = 1.4%

N20 19.3 1.3 21.7 = 2.0¥

P14-N20 5.0 %06 5.6 x 9%
Amplitude (L V}

Erh's point 3.7x10 2.8+ 1.4*

N13 1.2+04 0.9 * 0.6%*

P14 1.0+ 04 0.7 £ 0.2%

N20 1.6+05 1.0 £ 0.6%

* Erb, brachial plexus; N13, cervical cord; P14, brainstern; N2o,
primary somatosensory cortex; P14-N20, brainstem and subcortical
transmission time, Values are means = 8D.

* P <2 0.001.

# P < 0.05.

0.001 uncorrected), these regions spatially extended to
include broad parts of frontal, parietal, and parieto-
temporal associative cortices and included precuneus,
cingulate, and mesiofrontal areas (Fig. 3B).

DISCUSSION

Functional imaging studies of “noxious” processing
in vegetative patients raise ethical and methodological
concerns. Patients were immabilized by neuromuscu-
lar blockade (to avoid movement artifacts) without se-
dation or analgesia (to avoid suppression of cerebral
function). In severely brain-injured patients, the explo-
ration of behavioral responses to nociceptive stimuli
{e.g., applying pressure to the fingernail bed with a
pencil, applying pressure to the supraorbital ridge or
jaw angle, pinching the trapezium, or rubbing the ster-
num) is a routine clinical procedure that is used to
evaluate the state of conscicusness. Reactivity to pain
is part of widely used “consciousness scales” such as
the Glasgow Coma Scale (Teasdale and Jennett, 1974),
the Reaction Level Scale (Starmark ef al., 1988), the
Innsbruck Coma Scale (Benzer et al., 1991), and the
Edinburgh-2 Coma Scale (Sugiura et al., 1983). Prior to
the PET study, repeated neurological examinations
and heteroanamnesis gave no indication that the pa-
tients showed any voluntary interaction with their en-
vironment. Qur PVS patients never withdrew from
noxious stimuli but showed only reflexive decortication
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TABLE 3

Cerebral Areas That Showed Significant Activation during Noxious Somatosensory Stimulation
Compared with Rest in Normal Controis®

Side Region x b4 z T value

Midbrain -8 —26 —4 4.70
Contralateral Thalamus -15 -24 2 4.72
Contralateral Primary somatosensory cortex —44 —26 60 7.04
Contralateral Secondary somatosensory cortex —46 -22 20 10.51
Condralateral Insula —40 —-16 10 13.78
Ipsilateral Insula 32 -10 -2 5.98
Contralateral Posterior parietal cortex {area 40) —52 -30 22 9.05
Ipsilateral Paosterior parietal cortex {(area 40) 70 —-36 22 5.88

Anterior cingulate cortex (area 24/32) 2 16 38 6.17

Midcingulate cortex (area 23/24') -6 —18 32 7.14

“ All results are significant at P << (.05 corrected for multiple comparisons.

or decerebration postures. Hence, neuromuscular
blockade did not change their capability to withdraw
from the stimuli. Patients with ambiguous behavioral
responses to auditory, visual, or somatosensory stimu-
lation were excluded. Neuromuscular blockade did not
imply tracheal intubation as all patients were already
tracheotomized prior to the study for clinical reasons.
No sign of autonemic distress was observed in PVS

Controls

patients in response to neuromuscular blockade. It is
unlikely that the administration of rocuronium bro-
mide (a muscle relaxant that undergoes no detectable
metabolism and does not pass the blood-brain barrier)
(Khuenl-Brady and Sparr, 1996) could account for the
ohserved differences in neural activation with healthy
volunteers. The stimulation intensities used were be-
low those commonly employed when SEPs are recorded

FIG. 2. (A) Brain regions, shown in red, that activated during noxious stirnulation in controls {subtraction stimulation — rest]. {B} Brain
regions that activated during stimulation in PVS patients, shown in red [subtraction stimulation — rest} and regions that activated less in
patients than in controls [interaction (stimulation vs rest) X (patient vs control}l, shown in blue. Projected on transverse sections of a
normalized brain MRI template in controls and on: the mean MRI of the patients {distances are relative to the bicommissural plane).
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{(A) Plot of the regression of neural activity in primary somatosensory cortex and posierior parietal cortex in contrels (green

circles) and in PVS {red crosses). (B} Regions that showed a deficient functional cormectivity with primary somatosensory cortex in patients
relative to controls {blue), projected on 3D MRI. (Display thresholded at uncorrected P < 0.001.}

in unconsecious patients at the intensive care unit (e.g.,
Madl et al, 2000). PVS represents such an immense
affective, social, and economic problem (Beresford,
1997) that it warrants further research to better un-
derstand its underlying cerebral dysfunction. We hope
that the present study contributes to this aim, and,
although fully aware of the ethical problems, we be-
lieve that the scope of the problem justified our efforts.

Pain is an unpleasant experience that involves the
conscious awareness of noxious sensations (Ingvar,
1999). We used high-intensity electrical stimulation of

the median nerve, instead of thermal or chemical no-
ciceptive stimuli, as this provided the possibility of
easily and reliably measuring SEPs during the acqui-
sition of rCBF data. The simultaneously recorded SEPs
offered independent information on the integrity of
peripheral nerves, spinal cord, and ascending central
sensory pathways and ensured that patients were
properly stimulated. In healthy volunteers, the electric
shocks were perceived as highly unpleasant to painful
and significantly activated brain areas previously de-
scribed in brain imaging studies of pain using electrical
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TABLE 4

Cerebral Areas That Showed Significant Activation during
Noxious Somatosensory Stimulation Compared with Rest in
PVS Patients

Side Region x ¥ z  Tvalue
Midbrain -6 —-18 -10 4.08
Coniralateral Thalamus -22 -26 2 340
Contralateral Primary somatosensory —54 -26 58 4.4l

cortex

o All results are significant at small-volume-corrected P < 0.05.

(Davis et al., 1997; Disbrow et al., 1998; Oshiro et al,,
1998) or other (for review see Treede et al., 1999; Chen,
2001) stimuli.

Based on clinical, electrophysiological, PET, and
neurcpathological findings, PVS patients are thought
to lack the cerebral capacity to consciously experience
the inner and external world (Multi-Society Task Force
on PVS, 1994b). At the patient’s bedside, however,
assessment of cognitive function in severely brain-in-
jured patients is difficult because voluntary move-
ments may be very small, easily exhausted, and incon-
sistent (Zeman, 1997; Wade and Johnston, 1999). In
aceordance with previous reports (Levy et al.,, 1987; De
Volder et al., 1990; Tommasino et al., 1995; Rudolf et

al., 1999; Laureys et al., 2001), our PVS patients

showed a profound reduction of cerebral glucose me-
tabolism. Nevertheless, external stimulation still re-
sulted in significant increases in rCBF (taken as a
marker of local neural activity) compared with the
resting state. This neural activation, however, was lim-
ited to midbrain, contralateral thalamus, and S1. The
observed subcortical activation could reflect a nonspe-
cific arousal response (invelving thalamoreticular
structures) to acute pain (Peyron et al., 1999). This
response is preserved in patients in a PVS but can also
be. observed. in infants with anenecephaly (Medical
Task Force on Anencephaly, 1990). Given our limited
spatial resolution (16-mm FWHM smoothing of the

LAUREYS ET AL,

PET data) we cannot reliably differentiate between
activation foci in lateral or medial thalamic nuclei. The
only cortical area that activated during stimulation in
PVS patients was S1, even in patients lacking cortical
SEPs (N20). As evoked potentials depend on time-
locked averages, a temporal desynchronization of the
electrophysiological response will alter SEPs but leave
TCBF increases unaffected. ¥t is important to stress
that our statistical analyses used a random-effect
model and ¢an hence be considered as characteristic of
the population from which we sampled (Holmes and
Friston, 1998; Peigneux et al., 2000).

The role of different brain areas in pain processing
remains controversial. Of the cerebral areas commonly
identified by human neuroimaging studies, only the
anterior cingulate shows a consistent response during
the experience of pain (Derhbyshire et al., 1997). Tradi-
tionally, S1 is considered to be invelved in the sensory-
discriminative component of pain processing (Bushnell
et al., 1999) and single neurons in monkey S1 code for
stimulus intensity, location, and duration (Kaas, 1993;
Kenshalo et al., 2000). In neurological patients, so-
matosensory stimuli below threshold for conscicus sen-
sation elicited activation of S1 but not of downstream
areas (Libet et al., 1967) and isolated electrical stimu-
lation of S1 did not evoke the sensation of pain (Pen-
field and Jasper, 1954). The affective-motivational and
cognitive evaluative components of pain are only partly
understood but have been proposed to depend on insu-
lar, anterior cingulate, and posterior parietal cortices
(Ingvar, 1999; Treede et al., 1999). All these regions
failed to activate in PVS patients. However, it is im-
portant to stress that the absence of stimulation-re-
lated neural activation {i.e., rCBF changes) can never
formally exclude conscious perception of the stimula-
tion. It can also not be excluded that PVS patients
would experience continuous pain and that our sub-
traction (“acute pain” — “rest”) would fail to provide
sufficient stimulation to result in a significant differ-
ence. Previous neuroimaging studies have indeed sug-
gested that pain-related activation in patients with

TABLE 5

Cerebral Areas That Showed Significantly Less Stimulation-Related Activation in PVS Patients
than in Nermal Controls (Interaction Analysis)”

Side Region x ¥ z T value
Contralateral Secondary somatosensory cortex —48 —-28 18 9.21
Contralateral Insula —44 -2 0 10.08
Ipsilateral Insula 42 2 -2 5.74
Contralateral Posterior parietal cortex (area 40) ~-56 -30 24 6.56
Ipsilateral Posterior parietal cortex (area 40} 64 -36 30 6.73

Anterior cingulate cortex (area 24/32) o 20 36 4.90
Midcingulate cortex (area 23/24") 6 -~20 30 5.08

¢ All results are significant at small-volume-corrected P < 0.05.
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TABLE 6
Brain Regions Where Funetional Modulation with Primary Somatosensory Cortex was Impaired
in PVS Compared with Controls®

Side- Region x ¥ z T value
Coniralateral Secondary somatosensory coriex —48 —-20 20 4.64
Contralateral Posterior parietal cortex (area 40} -52 -30 26 6.19
Ipsilateral Posterior parietal cortex (area 40) 56 —24 30 4.86
Contralateral Premotor cortex (area 6} —-22 -2 50 4.71
Contralateral Dorsolateral prefrontal cortex (area 9) 32 48 32 5.44
Contralateral Superior temporal cortex {area 22) -52 44 18 4.65

¢ All results are significant at P < 0.05 corrected for muiltiple comparisons.

persistent pain may differ from that observed in
healthy subjects (Di Piero ef al., 1991; Apkarian et al.,
1992; Hsieh ef ¢l., 1995; Iadarola et al., 1995; Jones
and Derbyshire, 1897). To better understand the
meaning of the preserved activation of S1 during nox-
ious stimulation in PVS patients, we studied its fune-
tional connectivity (assessing stimulus-related func-
tional integration) in addition to the classically used
subtraction analyses (assessing stimulus-related func-
tional segregation).

Using a psychophysiological interaction analysis
(Friston et al., 1997) we have shown that the preserved
activation of 81 was isolated from downstream areas.
Indeed, 51 was directly or indirectly “functionally dis-
connected” from S2, polysensory superior temporal,
posterior parietal, prefrontal, and premotor cortices. In
primates, S1 projects mainly to S2, which in turn in-
nervates the insular cortices from where the somato-
sensory information reaches the limbic system. S2 and
posterior parietal cortices are considered as important
stations for the higher-order analysis and relay of so-
matosensory inputs to areas of affective, motivational,
attentional, and motor control (Kaas, 1993). The pre-
frontal cortex is considered a critical component in
conscious perception, working memory, behavioral con-
trol, affective attachment, directed and sustained at-
tention, planning, and motor programming (Courtney
et al., 1998). Its disconnection from somatosensory cor-
tices in PVS patients can be interpreted as further
evidence of their deficient processing of noxious exter-
nal stimuli. The lack of involvement of premotor areas
could reflect the absence of the normal voluntary urge
to move away from to the painful stimulus (Ingvar,
1999). Our findings are also in agreement with lesion
studies that suggested a necessary role of secondary
and association cortices in the conscious processing of
somatosensory stimuli (Caselli, 1993). In the same
line, previous PET activation studies have shown that
general anesthesia abolishes cortical, but not subcorti-
cal, responses to noxious electric shocks (Antognini et
al., 1997), Similarly, rCBF increases in assocciative cor-
tices, but not thalami, have been shown to differentiate

silent from painful angina (Rosen et al., 1996). Finally,
a recent magnetoencephalographic study reported ac-
tivation in 31, but not in secondary somatosensory or
association cortices, in two patients with a tumor near
the central sulcus that showed a unilateral complete
lack of tactile sensation (both painful and nonpainful)
(Preissl et al., 2001).

In the absence of a generally accepted neural corre-
late of pain and consciousness, it is difficult to make
definite judgements about awareness in PVS patients.
Pain and suffering are first-person subjective experi-
ences. Although no single study can claim fo prove the
absence or presence of conscious perception in another
being, the present data make an important contribu-
tion to our understanding of the cerebral processing of
noexious stimuli in PVS. We found no evidence of stim-
ulation-related downstream activation beyond S1.
More importantly, functional connectivity assessment
showed that the observed activation of primary sensory
cortex seems to subsist as an island, dissociated from
higher-order cortices that would be necessary to pro-
duce awareness (Schiff ef al., 2002). It is, however, of
major importance to stress that our results are repre-
sentative of the population from which we sampled
(i.e., PVS without normal flexion or withdrawal to nox-
ious stimuli; absence of sustained visual pursuit, vi-
sual fixation, or response to visual threat; absence of
selective emotional responses; and absence of attempts
to articulate or utter words) and should be used with
appropriate caution regarding clinical or ethical deci-
sions in individual persons in a vegetative state. Fu-
ture studies, using more powerful techniques such as
functional MRI, are needed to confirm these findings in
individual PVS cases, Future studies also need to as-
sess the cortical processing of different sensory modal-
ities of varying complexity in individual patients stud-
ied over time. Apart from their clinical interest, our
data complement the current debate among neurosci-
entists concerning the relationship between neuronal
activity in the nervous system (especially in primary
cortex) and human consciousness (Crick and Koch,
1995; Tononi and Edelman, 1998).
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