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Functional Connectivity in the Default Network
During Resting State is Preserved in a Vegetative
but Not in a Brain Dead Patient
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Abstract: Recent studies on spontaneous fluctuations in the functional MRI blood oxygen level-depend-
ent (BOLD) signal in awake healthy subjects showed the presence of coherent fluctuations among func-
tionally defined neuroanatomical networks. However, the functional significance of these spontaneous
BOLD fluctuations remains poorly understood. By means of 3 T functional MRI, we demonstrate
absent cortico-thalamic BOLD functional connectivity (i.e. between posterior cingulate/precuneal cortex
and medial thalamus), but preserved cortico-cortical connectivity within the default network in a case
of vegetative state (VS) studied 2.5 years following cardio-respiratory arrest, as documented by exten-
sive behavioral and paraclinical assessments. In the VS patient, as in age-matched controls, anticorrela-
tions could also be observed between posterior cingulate/precuneus and a previously identified task-
positive cortical network. Both correlations and anticorrelations were significantly reduced in VS as
compared to controls. A similar approach in a brain dead patient did not show any such long-distance
functional connectivity. We conclude that some slow coherent BOLD fluctuations previously identified
in healthy awake human brain can be found in alive but unaware patients, and are thus unlikely to be
uniquely due to ongoing modifications of conscious thoughts. Future studies are needed to give a full
characterization of default network connectivity in the VS patients population. Hum Brain Mapp
30:2393-2400, 2009.  ©2009 Wiley-Liss, Inc.
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INTRODUCTION

During performance of a wide range of attention-
demanding cognitive tasks, two opposite types of
responses are commonly observed. A given set of lateral
frontal and parietal cortical regions (the so-called ‘task-
positive network’) commonly exhibit activity increases
(Fox et al., 2005). In contrast, a different set of regions,
including posterior cingulate/precuneus (PCC), medial pre-
frontal cortex (MPF), temporoparietal junctions (TPJ), infe-
rior temporal (IT) and parahippocampal (PH) cortices, rou-
tinely exhibit decreases in activity (Gusnard and Raichle,
2001). These latter areas were referred to as the ‘default net-
work’ or ‘task-negative network.” While lateral frontoparie-
tal regions have been related to attention to external world,
the default network has been suggested to be involved in
various aspects of self-referential processing (Fox et al.,
2005), inner or task-unrelated thoughts (McKiernan et al.,
2006), self-reflective thinking in terms of planning for the
future or simulation of behavior (Ingvar, 1979).

In recent years, brain activity fluctuations in the default
resting state have received increasing interest. Even in the
absence of sensory inputs, structured patterns of ongoing
spontaneous activity can be observed in cortical and tha-
lamic neurons (Kenet et al., 2003; Steriade et al., 1993; Tso-
dyks et al, 1999). Resting state functional connectivity
studies using functional magnetic resonance imaging
(fMRI) usually examine correlations in slow (0.1 Hz) spon-
taneous fluctuations in the blood oxygen level-dependent
(BOLD) signal (Cordes et al., 2001). The collective result of
these studies is that regions similarly modulated by tasks
or stimuli tend to exhibit correlated spontaneous fluctua-
tions even in the absence of tasks or stimuli. In particular,
several teams identified reproducible correlated BOLD
fluctuations within the default network in resting healthy
awake volunteers (Fox et al., 2005; Fransson, 2005; Greicius
et al., 2003; Laufs et al., 2003). On the other hand, several
independent studies (Fox et al.,, 2005; Fransson, 2005)
recently showed that the dichotomy between lateral fronto-
parietal areas and the default network, observed in a wide
range of cognitive tasks, is represented intrinsically in the
resting human brain, in the absence of any overt task or
behavior. However, the functional significance of these
coherently distributed brain activity fluctuations remains
largely unknown.

We hypothesized that system-wide coherent BOLD fluc-
tuations, if distinctively related to conscious thoughts,
would not be present in well-documented unaware
patients. Vegetative state (VS) is defined by a total lack of
awareness of self or of the environment, despite preserved
arousal (Laureys et al., 2004). To test our hypothesis, we
thus searched for the presence of BOLD functional connec-
tivity among default network areas in a typical VS patient,
using a validated correlational approach (Fox et al., 2005;
Vincent et al., 2007). This study does not attempt to give a
full account of the characteristics of resting state networks
in VS patients at the population level. However, in our

view, the presence of system-wide coherent spontaneous
BOLD oscillations in one single well-documented VS
patient would be sufficient to challenge the view that these
fluctuations uniquely reflect the presence of conscious
thoughts. To test for the specificity of our findings, we also
present results of this approach obtained in a brain dead
(BD) patient.

METHODS
Healthy Controls and Ethics

Six age-matched healthy subjects [age (mean * SD) 41
* 11 years, range 26-54 years] were recruited from Liege
University. None of the subjects had any neurological or
psychiatric disease history. The study was approved by
the Ethics Committee of the Faculty of Medicine of the
University of Liege. Informed consent was obtained from
all healthy subjects and from the people having legal
responsibility for the patients.

VS Patient

A 48-year-old man was found comatose (score of 3 at
the Glasgow Coma Scale) with cardio-respiratory arrest
following food airway obstruction and asphyxiation and
was successfully resuscitated. Time elapsed between col-
lapse and start of cardio-respiratory resuscitation was esti-
mated superior to 10 min. After resuscitation, the patient
showed myoclonic status epilepticus. Following with-
drawal of sedation, he recovered spontaneous breathing
and eye opening, but failed to show any sign of volitional
motor response. EEG showed a nonreactive low-voltage
delta activity with discontinuous generalized epileptiform
activity. Somatosensory-evoked potentials detected periph-
eral (brachial plexus) and lemniscal brainstem (P14), but
no cortical (N20) responses. MRI showed a diffuse cortico-
subcortical atrophy and secondary hydrocephalus without
focal lesion.

We examined the patient two and a half years after his
cardio-respiratory arrest. Repeated behavioral evaluations
by experienced clinicians (MB, AV, CS, CB and SL) con-
firmed the diagnosis of VS as defined by -currently
accepted criteria (Bates, 2005; Giacino et al., 2002; The
Multi-Society Task Force on PVS, 1994). Employed video-
taped, validated and standardized ‘consciousness scales’
included the Revised Coma Recovery Scale (CRS-R) (Giacino
et al., 2004), the Sensory Modality Assessment and Reha-
bilitation Technique (SMART) (Gill-Thwaites and Munday,
2004), the Wessex Head Injury Matrix (WHIM) (Majerus
and Van der Linden, 2000), the Western Neuro Sensory
Stimulation Profile (WNSSP) (Ansell and Keenan, 1989)
and the Glasgow-Liege Scale (GLS) (Born et al., 1985).

['®F]fluorodeoxyglucose-PET, performed as described
elsewhere (Laureys et al., 2000a), showed a massive and
global decrease of cerebral metabolic rates for glucose. Sta-
tistical parametric mapping analysis (Laureys et al., 1999a),
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comparing FDG-PET data from the patient to 40 healthy
age-matched controls, identified the most metabolically
impaired areas in widespread frontoparietal polymodal
associative regions (bilateral dorsolateral prefrontal, parieto-
temporal and posterior cingulate, precuneal cortices)—as
previously observed in VS (Laureys et al., 2004). Relatively
preserved areas were identified in the brainstem (encom-
passing the pedunculopontine reticular formation), the
hypothalamus and the basal forebrain—allowing for pre-
served arousal and autonomic functions (Laureys et al.,
2004).

At the time of fMRI scanning, the patient showed spon-
taneous eye opening, preserved brainstem reflexes, oral
reflexive movements and auditory and visual startle
responses. He showed present grasp, palmomental and
sucking reflexes; spastic quadriparesis with bilateral py-
ramidal signs and no spontaneous limb movements and
flexion withdrawal to noxious stimuli. The patient failed to
show any vocalization or sign of verbal or nonverbal inten-
tional communication. Cognitive event-related potentials to
the patient’s own as compared to other names, performed
as described elsewhere (Perrin et al.,, 2006), repeatedly
failed to elicit a P3 response. The patient failed to show
volitional brain activity as tested on two occasions in an
active fMRI paradigm [as described by Boly et al. (2007b)
and Owen et al. (2006)]. No clinical recovery was observed
at this day, 12 months after fMRI scanning.

Brain Dead Patient

A 50-year-old woman was admitted stuporous in the in-
tensive care unit due to massive cranial hemorrhage and
evolved to a comatose state with areactive mydriasis 2
days later. Computed tomography showed major cerebral
hemorrhage accompanied by a severe vasospasm. Cerebral
arteriography showed an aneurysm on the anterior com-
municant artery with signs of recent blooding. At the time
of fMRI scanning, without any sedation, neither any evi-
dence for electrolyte disturbance, endocrine disturbance or
hypothermia, the patient showed a nonresponsive coma
with confirmed diagnosis of brain death as defined by
Wijdicks (1995). An apnoea test confirmed the diagnosis
(Wijdicks, 2001). Electroencephalogram showed an isoelec-
tric pattern, using the recording methodology described
elsewhere (American Electroencephalographic Society,
1994). Magnetic resonance anatomical sequences showed a
diffuse brain swelling consecutive to the vasospasm, with
diffuse white matter damage and hemorrhagic sequela
predominant in the medial frontal lobe. Cerebral MR angi-
ography confirmed the absence of intracranial arterial
flow.

Functional Imaging Acquisition

VS patient and controls functional MRI time series were
acquired using a 3 T MR scanner (Allegra, Siemens, Ger-
many). Three hundred and fifty-five (355) to Three hun-

dred and seventy-five (375) multislice T2*-weighted fMRI
images were obtained with a gradient echo-planar
sequence using axial slice orientation (32 slices; voxel size
=34 X 34 X 3 mm> matrix size = 64 X 64 X 32; repeti-
tion time = 2,460 ms; echo time = 40 ms; flip angle = 90°;
field of view = 220 mm). BD patient fMRI data were
acquired on a 1.5 T MR scanner (Siemens, Germany). Two
hundred (200) multislice T2*-weighted fMRI images were
obtained with a gradient echo-planar sequence using axial
slice orientation (36 slices; voxel size = 3.75 X 3.75 X 3.6
mm?>; matrix size = 64 X 64 X 36; repetition time = 3,000
ms; echo time = 30 ms; flip angle = 90°; field of view =
240 mm). Anatomical images were obtained by using a T1-
weigthed 3D MP-RAGE sequence for each subject. A
standard head coil was used in the data acquisition. Moni-
toring of vital parameters (electrocardiogram, blood pres-
sure, O, saturation, respiratory rate and PCO, capnogra-
phy) were performed in patients by a senior anesthesiolo-
gist throughout the experiment.

Data Analysis

Functional data were preprocessed and analyzed using
Statistical Parametric Mapping (version SPM5; Wellcome
Department of Imaging Neuroscience, London, UK;
http://www filion.ucl.ac.uk/spm). The first three fMRI
volumes were removed to allow for signal equilibration.
Preprocessing steps included realignment and adjustment
for movement-related effects (Friston et al., 1995), spatial

TABLE I. Peak areas of significance for default network
connectivity in healthy controls and in vegetative state

patient
Z
Brain area x y z  value FDR-corrected P
Healthy controls
PCC/Precuneus® 2 =56 30 496 0.013
MPF/SFS? 2 62 -2 501 0.013
-4 50 34 394 0.015
Left TPJ? —48 —66 48 5.42 0.006
Right TPJ* 62 —58 28 3.20 0.028
Left PH? -24 —-34 -28 3.33 0.024
Temporal cortex® 54 —10 —30 4.70 0.013
Medial thalamus® -8 —16 10 346 0.021
Vegetative state patient
PCC/Precuneus -10 -72 24  Inf <0.001
MPEC/SFS 8 48 —20 Inf <0.001
4 52 28 Inf <0.001
Left TP] —52 =58 42 Inf <0.001
Right TPJ 48 —58 30 Inf <0.001
Left PH -16 —34 0 6.26 <0.001
Temporal cortex -62 —-38 -2 702 <0.001

Results thresholded at whole brain FDR-corrected P value <0.05.
FDR, false discovery rate; PCC, posterior cingulate cortex; MPF,
medial prefrontal cortex; SFS, superior frontal sulcus; TPJ, tem-
poro-parietal junction; PH, parahippocampal gyrus.

@ Areas less correlated to PCC in vegetative state patient compared
to controls.
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Figure I.

Positive correlations with posterior cingulate/precuneus BOLD
activity in healthy controls, brain dead and vegetative state
patients. Results thresholded for display at uncorrected P < 0.0l
in random effect group analysis in healthy controls, and at FDR-
corrected P value <0.05 in patients. MNI coordinates of sections
are as follows: x = —10 mm for controls, —4 mm for BD
patient and 2 mm for VS patient, y = —56 mm, z = 26 mm.

Note that there is no residual long-range functional connectivity
in the brain dead patient. In the VS patient, despite residual func-
tional connectivity within the default network, the observed cor-
relations were significantly reduced compared to controls.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 2.
Anticorrelations with posterior cingulate/precuneus in healthy controls and in VS patient. For
display purposes, results are thresholded at uncorrected P < 0.0l in healthy controls, and at
FDR-corrected P < 0.05 in VS patient. MNI coordinates of sections are z = 60 mm, x = 62
mm and y = 20 mm. Note that the observed residual connectivity was significantly reduced in
VS patient compared to controls. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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normalization into standard stereotactic MNI space
(Friston et al., 1995) and spatial smoothing using a Gaus-
sian kernel of 12 mm full width at half maximum
(FWHM). Data were then temporally band-passed filtered
(0.009-0.08 Hz) using a Gaussian temporal filter (FSL soft-
ware, version 3.2, Oxford Centre for Functional Magnetic
Resonance Imaging of the Brain, Oxford, UK, http://
www.fmrib.ox.ac.uk/fsl). The first eigenvariate of the time
courses of voxels in a seed region of interest located in the
PCC [6-mm sphere centered on coordinates (x = —5 mm,
y = —49 mm and z = 40 mm) from Fox et al. (2005)] was
then extracted in each subject using SPM5. In each subject,
similar time course extractions were performed for a white
matter and a ventricle 6 mm radius voxel of interest. The
two latter time courses, the global brain signal changes
across time and their derivatives were then used as con-
found in the statistical model. The movement parameters
and their derivatives were further added as regressors of
no interest in the design matrix. Serial correlations were
then estimated with a restricted maximum likelihood algo-
rithm using an intrinsic autoregressive model during pa-
rameter estimation. The effects of interest were tested by
linear contrasts, generating statistical parametric maps
[SPM(T)] in each subject. Two contrast images were com-
puted in each subject, respectively, identifying regions sig-
nificantly correlated or anticorrelated to PCC after removal
of the sources of spurious variance cited above. Results in
patients were assessed at the single-subject level. In
healthy subjects, individual summary statistics images
were entered in a second-level analysis, corresponding to a
random effects model in which subjects are considered
random variables. A complementary random effect analy-
sis compared correlations and anticorrelations to PCC in
VS patient versus healthy controls. Patients statistical maps
were masked inclusively with controls results (uncorrected
P value < 0.01) for spatial comparison to controls” data. In
controls, the random effect group analysis was thresholded
at false discovery rate (FDR)-corrected P value <0.05 at the
whole-brain level or (for anticorrelations) in a 10-mm ra-
dius spherical small volume around a priori coordinates
taken from previous studies (Fox et al, 2005; Fransson,
2005). In patients, results were thresholded at whole-brain
FDR-corrected P value <0.05. All results were thresholded
at a 10 voxels cluster extent.

RESULTS

Healthy controls showed significant positive correlations
between PCC and cortical default network areas (i.e., MPF,
TPJ, IT, PH) and with medial thalamus. Our VS patient
showed residual long-range cortico-cortical functional con-
nectivity with all cortical areas identified in controls but
not with the thalamus (Table I, Fig. 1). The whole default
network connectivity was found to be significantly
reduced in VS as compared to controls. In both healthy
controls and the VS patient, a number of areas previously

TABLE Il. Peak cortical areas of significance for
anticorrelations with posterior cingulate cortex/
precuneus—the so-called ‘task-positive network’—
common to healthy controls and vegetative state

patient
Z  FDR-corrected
Brain area X y z  value P
Healthy controls
DLPFC? —40 44 24 506 0.015
40 38 —4 334 0.023*
FEF/preCS* -14 =20 70 5.15 0.013
Premotor cortex® 20 -2 66 4.55 0.047
SMA /preSMA? 8 10 52 375 0.012*
Inferior parietal cortex® —62 —36 28 3.40 0.013*
44 -38 52 4.00 0.011*
Posterior parietal cortex” —20 —56 62 3.74 0.014*
Inferior temporal /MT* 50 —-58 -8 3.99 0.010*
Inferior occipital® -34 -84 -4 379 0.038*
Insula/IFG® —42 18 0 4.62 0.044
54 10 6 337 0.026*
Vegetative state patient
DLPFC —40 50 20 Inf <0.001
36 58 6 Inf <0.001
FEF/preCS -14 -10 70 Inf <0.001
Premotor cortex 12 -2 68 Inf <0.001
SMA /preSMA 6 4 50 Inf <0.001
Inferior parietal cortex 40 —44 50 3.56 0.001
Posterior parietal cortex —22 —50 62 2.71 0.009
Inferior temporal /MT 48 —50 —22 Inf <0.001
Insula/IFG —42 24 -2 Inf <0.001
48 4 -2 Inf <0.001

Results thresholded at P value <0.05 corrected for FDR at the whole
brain level, or in a small volume around a priori coordinates (*).
FDR, false discovery rate; DLPFC, dorsolateral prefrontal cortex; FEF,
frontal eye field; preCS, precentral sulcus; SMA, supplementary
motor area; MT, visual motion area; IFG: inferior frontal gyrus.

@ Areas less anticorrelated to posterior cingulate cortex/precuneus
in vegetative state patient as compared to controls.

reported as belonging to the ‘task-positive network’ (i.e.
lateral frontoparietal cortices, frontal eye field, inferior
temporal/MT, supplementary motor area (SMA) and pre-
SMA, premotor cortex, insula, inferior frontal cortex)
showed significant anticorrelated BOLD activity compared
to the PCC (Table II, Fig. 2). However, these anticorrela-
tions were significantly reduced in the VS patient as com-
pared to controls. Our BD patient did not show any long-
distance functional connectivity; correlations were only
found locally, in the PCC voxel of interest (peak at MNI
coordinates x = —6 mm, y = —46 mm, z = 42 mm, Fig. 1).
No significant anticorrelations could be identified in the
BD patient.

DISCUSSION

Our VS patient fulfills all the behavioral criteria for VS,
as documented by repeated and exhaustive behavioral
assessments using a (videotaped) battery of internationally
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validated scales, properly aiming at detecting nonreflexive
behaviors in noncommunicative patients (Laureys et al,
2005; Majerus et al., 2005). FDG-PET showed a diffuse met-
abolic impairment in frontoparietal associative networks
with preserved brainstem, hypothalamus and the basal
forebrain as classically reported in vegetative patients
(Laureys et al., 1999a, b, 2004). Repeated fMRI assessment
failed to demonstrate signs of awareness employing men-
tal imagery paradigms as described elsewhere (Boly et al.,
2007b; Owen et al., 2006). The patient suffered from a
well-documented anoxic encephalopathy resulting in a VS
enduring for 2.5 years at the time of fMRI. Given the etiol-
ogy and the very long time interval, the chances of recov-
ery of consciousness are in this case virtually inexistent,
and the patient’s condition can be regarded as permanent
VS (The Multi-Society Task Force on PVS, 1994).

Taken together, we consider this case as an extremely
well-documented VS and hence ideal to test our hypothe-
sis that persistence of intrinsically functionally connected
networks—if observed—are not necessarily reflecting a
default brain state related to consciousness. Our fMRI data
indeed showed not only significant remaining correlations
between distant default network areas, but also anticorre-
lations between this default network and a set of regions
formerly involved in the ‘task-positive network” (Fox et al.,
2005; Fransson, 2005) in healthy volunteers. The reported
anticorrelations with the default mode network were here
calculated taking into account average brain signal as a
regressor as reported elsewhere (Fox et al., 2005). It should
however be stressed that this methodology is not yet gen-
erally accepted and could introduce artifactual anticorrela-
tions. Taken as a whole, our findings reject the interpreta-
tion that spontaneous slow fluctuations in the fMRI BOLD
uniquely reflect ongoing interoceptive state-of-minds
(Fransson, 2005). On the contrary, dynamic intrinsically
correlated brain fluctuations appear probably necessary,
but not sufficient to support consciousness. In other words,
though these fluctuations certainly modulate our percep-
tion of external and internal world, their presence or ab-
sence cannot be indicative of the presence of absence of
awareness, i.e. spontaneous trains of thoughts.

Our findings are in line with recent data showing pre-
served default network connectivity in healthy humans
during light sleep (Horovitz et al., 2007), during conscious
sedation (Greicius et al., 2008), in the human infant brain
(Fransson et al., 2007) and in nonhuman primates during
general anesthesia (Vincent et al.,, 2007). The described
preservation of functional connectivity in the absence of
consciousness could be seen as reflecting preserved ana-
tomical connections dissociated from higher cognitive
functions. It could also be argued that the temporal dy-
namics of our ‘conscious stream of consciousness’ [classi-
cally considered around 500 ms (Libet, 2006)] are much
faster than the slow fMRI BOLD oscillations occurring at
around 10 s time period here observed. On the other hand,
we show that both correlations and anticorrelations with
PCC are reduced in the VS patient as compared to age-

matched controls. The observed reduced functional con-
nectivity within the default network in VS is in line with
the hypothesis that spontaneous fMRI signal changes may
be partly related to ongoing interoceptive state-of-minds or
conscious thoughts. It is possible that there exist several
contributors to spontaneous signal fluctuations in the
default mode, where some of these sources might reflect
conscious thought processes, whereas others originate
from unconscious processes. In the same line, several stud-
ies suggest that spontaneous signal fluctuations in the
default-mode network reorganize during the performance
of a working memory task and are modulated in response
to external work load (Esposito et al., 2006; Fransson,
2006). Moreover, the idea that spontaneous fMRI fluctua-
tions is multilayered from a cognitive point of view has
gained some further support by recent results that have
shown that spontaneous baseline brain activity fluctuations
seem also capable to influence human perception (Boly
et al.,, 2007a) and behavior (Fox et al., 2007). Finally, the
observed absence of cortico-thalamic functional connectiv-
ity in our VS patient stresses the importance of cortico-
thalamo-cortical interaction in the emergence of conscious-
ness (Dehaene and Changeux, 2005; Laureys et al., 2000b;
Tononi, 2004; White and Alkire, 2003).

Our BD patient fullfills all the standard clinical criteria
for brain death (Wijdicks, 2001), and this diagnostic was
confirmed by paraclinical examinations. fMRI results did
not show any long-range significant functional connectiv-
ity. This could be expected, as there is no neuronal activity
left in BD brains. It should be noted that in the BD patients
we acquired less EPI volumes as compared to the VS and
control subjects. This could be a bias toward our negative
findings in BD. To address this issue, we scanned six sup-
plementary healthy controls using the same acquisition pa-
rameters and number of scans than in the reported BD
patient. In all controls, we could identify default network
connectivity at the single subject level, reinforcing our
interpretation that differences in acquisition parameters
are not sufficient to explain the complete lack of functional
connectivity here reported in BD. The absence of long-
distance correlations in T2* signal in the BD patient also
indicates that our results are unlikely to be due to respira-
tory artifacts, known to be source of spurious signal in
default network areas as measured in healthy volunteers
(Birn et al., 2006), as this patient was still breathing at the
time of the fMRI data acquisition.

In conclusion, spontaneous system-wide functional con-
nectivity patterns previously identified in the healthy
human brain are unlikely to be exclusively due to ongoing
modifications of conscious thoughts, as they have here
been identified in a well-documented patient in a perma-
nent VS. However, our VS patient showed absent cortico-
thalamic and significantly reduced cortico-cortical func-
tional connectivity patterns compared to our age-matched
controls. These results are in line with the hypothesis that
the spontaneous signal fluctuations in the default mode
have several contributors, some related to conscious
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thoughts and others originating from unconscious process-
ing. It should be stressed that our study is a single-case
study, for which only one VS patient was included. There-
fore, the validity of the current results on a population
level of statistical inference is limited, and care should be
exercised when interpreting the results in a general sense.
A full account of the characteristics of resting state net-
works in VS patients would only be reached by studying a
significantly larger cohort of patients. Future studies on
patients in pathological comatose states, in sleep and in
pharmacological coma, are needed to better understand
the functional meaning of the human ‘default mode of
brain function” (Raichle et al., 2001).
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