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���������� ������� �� ��� ���� �� �� ��� ����� ���� �$�%&�'� ( �	)*+& � ( )	)'�& η2p()	),*�& �������

���� ��� ���� ��� ������� ����������� ������� ���� ��� ����� ������	 -� ���� ��� ����� �� ����������

��� ������� & � ����� 

��
 ��� ��������� �� ���������� ������ ���� ����� �����������������

�� ����������� �������� ��� ��������� ��������������� �� ��������� ���������	 $�� ������ ���

�������������� ������& �� 

.��
 ��� ��������� ���� ����� ����������������� �� �������/

���� �������� ��� ��������� ��������������� �� ��������� �������� ��� ���� ���������� ���

��#������ ������� ���������� ��������� �� ��� ����� ������ ��� ������� ������ �� ��/��������	

�������

0���� ����� ������ ���������� ��!11� �#��� � ��������������� ��� �������������� ���������

�������� �� ��� ������� �� �����/���2���� ���� ��� � �������� ��������� ���� ���������� ��/

���������� ���� ��� ���2����	 ! ��������� � ������ ���������� �� ��� ������ ��� ��� ��������

�������� ��� ��� ����� �����& ���� ������� ������ ������ ���������� �� ��� ���������� ����

��� ����������� ��������� �� ��� ����������	 3� ����� �� 43/1�!5& � 1����� ����� 1������

�1�1� ����� !11 ��������� ����� �� ��� ����������� 2���� ���������6����� �� ������/����������

��������	 -��� ������ �� ������ ���� ������� �� �������/���������� �����/���2���� ���������� 

��� ��� �������� ����� �����"� ������� ���� ���/������������ �����/������� ������� ��������/

��� ����� ��������� ���������	 -�� ����� ��������� ����"�� �� 1�!5 ������� ��� "���& �����

������ �� �������� ���������� ������� ���� ��� ������& � ������ ���������� ��� ��� ��������� ��

�������� ������� ���� ��� ����� �������� � ��� ���� ��������� ��������� ���	 ��� ��������

��� ������/���������� �������� ���� ���� ���� � ���� )�%)))� �� +))�%)))� ���� ���������� ��

���� �����	 -���& ������/���������� �������� ���� �������� ������ ��� ������� ������ "���

��� ���� ������ ���2����& ��������� �� %))% �������� ������ ���������� ��������	 $����� & ������

��� �������� ������ ����������7� �������� ���� �������� ��� ������������ 2����/���������6��

���� ��� 438908 ��������� ��� ������� �� ��� ������"������ �� %+' ����������� ����������

�5.��	 
����� ��� �������� ���� ���������� �������� �� ��� ����� ���� ���& �� ���� �� �������

������ ���� ��� ���� �������� ������� ������ ����������	



�� ������� �	 
�����
����� ������� �� ����� ���������

��� �����	
��	��

��� ���	
�� ��
����� ��� ��� ���� �� �������� ��� ������������� ���������� �������

��������� �� ��� ��� �� ������! ��� ������� �������� �
 ��� ��"���� ������� ��� ��������
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���� ��� (��� )� ����������� ���������� �*+�� �������� 
��� ���  ���, ���� *+�

������ �� �"�#�� ����"��� ���� ���#�� ���� ��� ����� �
 ��� ��"������ ���� 
������ ����������

����-������ ������� �-����, ���
������ ��������� 
�� ��� ������ �
 ���� �������!

�����	�� ��� �����	�� ������

+������� ������� ������ �� ��(���� �"�#�� ����"��� ����� ��� ������������ ���.��� ���#

���� �������� 
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������ ��������! ��� ������ �� ������� ������ ���� ����, ��� �� ���� ���

������� �
 "��������� 
������� �� ��� �������� �������, ��� ��� ����� ��� �� ������ ���/����"�

��������� ������� 
��� ������ �� ����! ���  ��� ��� �� ������ ������� �������� ������� ����"���
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�� ���/����"� ���������! *� ��� ������� �����, ��� ������� ����"��� ��� �������� ���� ���

������������"� ��� "����� ������ �� �0��������� "��������!

EvokedActivity = β1PE + β2V E �1!'�

2���� ��� ������ ���	�	�� �� ��� ����"��� ������������� 
�� �"��� ���#-������"� ������, β1

��� β2 ��� ��� �� ������� ���3������ ��� 4
 ��� 5
 ��� ������������"� ��� "����� ������,

��������"���! *� ���� ����, ��� ������� ����� ���#�� �� � ������ ��������� 
�� 5
 �������� ��

� ��������-����� ������ �, ��� �� �� ���	������� ��������� 
�� 4
 �������� �� � ��������-�����

������ � ���! ����� 4
 ��� �������� �� ��� ��� �
 ��� ����� �� ��� �� ���������� �� ��.����� 

��� ����� ����������! *� ���� ���, ���� ������� ����� 
��� ��� ������ ������� ������� ������

��������������! *� ��� ������� �����, ��� ���/����"� ��������� ��� �������� ���� ��������
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MotorAwareness = β1S1 + β2S2 + β3S3...βNSN �'�(�
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Decoding Motor Awareness: 
Precuneus

Encoding of Proprioceptive Error
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challenge to our understanding of this 
process. Development of a robust 
in vitro spermatogenesis system for 
mammals would provide useful insights. 
So far, numerous approaches using the 
entire tissue or separated single cells 
from the testis in 2D or 3D cell culture 
systems have been explored, which is 
encouraging. Additionally, a robust in 
vitro spermatogenesis system might help 
defi ne the causes of infertility in humans.
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consciousness 
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Patients lying in a vegetative state 
present severe impairments of 
consciousness [1] caused by lesions in 
the cortex, the brainstem, the thalamus 
and the white matter [2]. There is 
agreement that this condition may 
involve disconnections in long-range 
cortico–cortical and thalamo-cortical 
pathways [3]. Hence, in the vegetative 
state cortical activity is ‘deafferented’ 
from subcortical modulation and/or 
principally disrupted between fronto-
parietal regions. Some patients in a 
vegetative state recover while others 
persistently remain in such a state. 
The neural signature of spontaneous 
recovery is linked to increased 
thalamo-cortical activity and improved 
fronto-parietal functional connectivity 
[3]. The likelihood of consciousness 
recovery depends on the extent of brain 
damage and patients’ etiology, but after 
one year of unresponsive behavior, 
chances become  low [1]. There is 
thus a need to explore novel ways of 
repairing lost consciousness. Here 
we report benefi cial effects of vagus 
nerve stimulation on consciousness 
level of a single patient in a vegetative 
state, including improved behavioral 
responsiveness and enhanced brain 
connectivity patterns. 

Consistent with an important role of 
the thalamic-cortical axis for awareness, 
one study has demonstrated an 
increased behavioral responsiveness 
after deep thalamic stimulation limited 
to the stimulation period [4]. Here 
we propose to activate the thalamo-
cortical network based on vagus 
nerve stimulation. The vagus nerve 
carries somatic and visceral efferents 

and afferents distributed throughout 
the central nervous system, either 
monosynaptically or via the nucleus 
of the solitary tract (NTS) [5]. The 
vagus directly modulates activity in the 
brainstem and via the NTS it reaches 
the dorsal raphe nuclei, the thalamus, 
the amygdala, and the hippocampus 
[5]. In humans, vagus nerve stimulation 
increases metabolism in the forebrain, 
thalamus and reticular formation 
[6].  It also enhances neuronal fi ring 
in the locus coeruleus which leads 
to massive release of norepinephrine 
in the thalamus and hippocampus, a 
noradrenergic pathway important for 
arousal, alertness and the fi ght-or-fl ight 
response [7].  

Following the hypothesis that vagus 
nerve stimulation functionally reorganizes 
the thalamo-cortical network, we tested 
its effects on the cortical activity of a 
patient lying in a vegetative state for 15 
years following traumatic brain injury. 
Behavioral, electroencephalographic 
(EEG) and 18F-FDG PET recordings 
were performed before and after surgical 
implantation of a vagus nerve stimulator. 
Stimulation was gradually increased to 
a maximum intensity of 1.5 mA, and 
its effects were monitored over six 
months post-implantation. After one 
month of stimulation, when intensity 
reached 1 mA, clinical examination 
revealed reproducible and consistent 
improvements in general arousal, 
sustained attention, body motility and 
visual pursuit. Scores on the Coma 
Recovery Scale-Revised (CRS-R) test 
improved, mostly in the visual domain, 
as stimulation increased, from a score of 
5 at baseline (last exam) to 10 at highest 
intensities (1.00–1.25 mA), indicating a 
transition from a vegetative to minimally 
conscious state. 

Scalp EEG data comparing the 
patient’s resting state pre- and post-
stimulation revealed a signifi cant 
increase in theta band (4–7 Hz) power 
(one-sample t-test, p < 0.0001 false 
discovery rate corrected, Figure S1A,B 
in Supplemental Information, published 
with this article online), a brain signal 
found to reliably distinguish minimally 
conscious patients from vegetative ones 
[8]. Data driven blind source separation 
analysis identifi ed eight sources 
responsible for the stimulation-induced 
power increase, distributed over the 
occipito-parietal, inferior temporal and 
fronto-central regions in addition to a 
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deeper source most likely localized in the 
insula (Figure S1C). These areas belong 
to the default mode network whose 
activity  appears to refl ect the degree of 
consciousness in non-communicative 
brain-damaged patients [1]. The highest 
stimulation intensity induced an increase 
in theta power over the right inferior 
parietal and parieto-temporal-occipital 
border (Figure S1C), a region labelled 
as a hot-zone for conscious awareness 
[9]. We calculated weighted symbolic 
mutual information (wSMI), a measure 
of cortical connectivity and information 
sharing known as a sensitive index of 
consciousness. This measure captures 
activity in different frequency bands and 
robustly discriminates the vegetative 
from minimally conscious state within 
theta frequency signals (4–10 Hz) [10]. 

By using a parameter of = 32 ms we 
found that the median wSMI across 
channel pairs was signifi cantly higher 
after vagus nerve stimulation over a 
parietal region within a cluster including 
the right centro-temporo-occipital 
electrodes (Figure 1A,B).  

The wSMI procedure was also 
applied on sources previously identifi ed 
by blind source separation as reactive 
to vagus nerve stimulation. The 
purpose here was to isolate regions 
that most contributed to information 
sharing, thus suppressing sources 
with interfering noise activity. Cortical 
areas showing signifi cant increase in 
mutual information after  stimulation 
included the inferior parietal, 
precuneus, posterior cingulate and 
pre-motor/motor regions (Figure 1C 

and Figure S1E). The highest mean 
wSMI value was found in the inferior 
parietal cortex/intraparietal sulcus 
(Figure 1C). This global increase 
in mean wSMI over theta sources 
was signifi cantly correlated to the 
CRS-R scores of clinical improvement 
(Robust regression, t (-0.0128;3.9436), 
dfe = 14, p = 0.0015, Figure 1C). These 
results demonstrate that vagus nerve 
stimulation enhances information 
sharing within a centro-posterior 
network. This is consistent with 
the observation reported on a large 
population of brain injured patients 
showing that activity within centro-
parietal regions constitute the marker 
of a conscious state [10]. Importantly, 
they demonstrate the critical role of 
the parietal cortex as a central hub for 
broadcasting neural signals among 
posterior and central sites in order to 
strengthen consciousness.

Finally, 18F-FDG PET results 
corroborated EEG fi ndings by showing 
extensive increases of activity in 
occipito-parieto-frontal and basal 
ganglia regions as early as three 
months after implantation of the 
stimulator. Vagus nerve stimulation 
enhanced the metabolic signal in the 
thalamus, a target of the vagus nerve 
(Figure S1D). 

These fi ndings show that stimulation 
of the vagus nerve promoted the 
spread of cortical signals and caused 
an increase of metabolic activity 
leading to behavioral improvement 
as measured with the CRS-R scale 
and as reported by clinicians and 
family members. Thus, potentiating 
vagus nerve inputs to the brain helps 
to restore consciousness even after 
many years of being in a vegetative 
state, thus challenging the belief that 
disorders of consciousness persisting 
after 12 months are irreversible [1]. 
The direct connection between the 
NTS where the vagus nerve originates 
and the thalamus may be at the origin 
of the signifi cant increase in theta 
signal recorded at the cortical level. In 
particular, the parietal cortex appears 
to be a major player in guiding the 
expansion of neural activity across 
brain areas. The enhanced neural 
activity might also be mediated by 
neurotransmission changes given that 
vagus nerve projections target key 
regions important for the liberation 
of norepinephrine and serotonin [7]. 
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Figure 1. Information sharing increases after vagus nerve stimulation over centroposterior 
regions.
(A) Sagittal (left) and coronal (right) views of weighted symbolic mutual information (wSMI) shared 
by all channels pre- and post-vagus nerve stimulation (VNS) (top and bottom, respectively). For 
visual clarity, only links with wSMI higher than 0.025 are shown. (B) Topographies of the median 
wSMI that each EEG channel shares with all the other channels pre- and post-VNS (top and 
bottom, respectively). The bar graph represents the median wSMI over right centroposterior elec-
trodes (darker dots) which signifi cantly increases post-VNS (permutation test over sessions: Wil-
coxon test, p = 0.0266). (C) Localization of the most VNS-reactive theta source showing signifi cant 
increase of information sharing post-VNS. Sources’ localization is presented over the patient’s 
cortical surface (probability map, sLoreta current source density: light blue scale) combined with 
his FDG-PET metabolism (gray scale) as measured three months post-VNS. The source was local-
ized in the inferior parietal lobule. The bar graph represents the mean wSMI shared with all other 
selected sources pre- and post-VNS (dark gray and light gray, respectively) (permutation test over 
sessions: Wilcoxon test, p < 0.01 Bonferroni corrected). CRS-R clinical score increased as a func-
tion of information sharing over a cortical posterior theta network (Robust regression, p = 0.0015).
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 Supplemental Figures and Tables 

 

 

Figure S1. EEG signals and Pet-scan metabolic activity after VNS. 

(A) Theta power increases after VNS over centroposterior regions. EEG power spectra at the scalp level pre-
VNS (blue) and post-VNS (red). A significant absolute power increase was found in the theta (4-7Hz) frequency 
band. High beta (20-31Hz) and gamma (>32Hz) power increase was also observed, although their scalp 
distribution suggests the influence of muscle artifacts, reflecting the patient improved spontaneous facial motility 
post-VNS. (B) Percent of signal change in the EEG power spectrum. Signals post-VNS show a significant 
increase in theta band power (4–7Hz) (one-sample Student t-test, p<0.0001 corrected by false discovery rate). 
(C) Selection of four independent components (ICs) ranked by percent of signal change over theta peak (5.5Hz) 
as revealed by blind source separation analysis (one-sample Student t-test corrected by false discovery rate). 
From top to bottom: inferior parietal lobule, precuneus/posterior cingulate cortex, occipital cortex and pre-
motor/motor area. (D) Fluorodeoxyglucose FDG-PET acquired during baseline (pre-VNS) and 3 months post-
VNS. Metabolism increased in the right parieto-occipito-temporal cortex, frontal regions, thalamus and 
striatum. (E) Localization of VNS-reactive theta sources showing significant increase of information sharing 
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post-VNS. Sources’ localization is presented over the patient’s cortical surface (probability map, sLoreta current 
source density: light blue scale) combined with his FDG-PET metabolism (gray scale) as measured three months 
post-VNS. VNS-reactive sources were localized in the inferior parietal lobule, in the precuneus/the posterior 
cingulate cortex and in the premotor/motor area (from left to right, respectively). Bar graph represent the mean 
wSMI shared with all other selected sources pre- (dark gray) and post- (light gray) VNS (permutation test over 
sessions: Wilcoxon test, p<0.01 Bonferroni corrected).  

 

 

Table S1. CRS-R and wSMI scores as a function of time and VNS intensity. Summary of CRS-R clinical 
scores and the wSMI indexes computed over electrodes and VNS-reactive independent components, presented in 
temporal order. The dataset consists of three baselines recorded on the pre-VNS period (baseline 1, 2 and 3, light 
gray) and 13 sessions recorded on the post-VNS period. B=baseline, S=stimulation, wSMI=weighted symbolic 
mutual information, IC=independent components, red line=groups test/re-test sessions, d=day, w=week, 
m=month, - indicates missing CRS-R data because of clinician unavailability. 

 

 

 

Supplemental Experimental Procedures 

Participant and Protocol 
 
 Participant clinical history 
 
A 35 years old male single patient lying in a vegetative state (VS) since 15 years was included in this study. The 
patient suffered from severe traumatic brain injury (TBI) following a road traffic accident. On admission to the 
hospital he presented diffuse brain swelling, subarachnoid and ventricular hemorrhage, bi-frontal and left 
temporal lobe contusions, basal skull fracture involving the right and left temporal bones and the left orbit. The 
initial intra-cranial pressure was elevated (40 mmHg). No signs of anoxia were reported. Four weeks’ post-

Timing Recording VNS Intensity (mA) CRS-R score wSMI wSMI - IC 
-2m B 1 Off 6 0.0296 0.0362 
-1m B 2 Off 4 0.0299 0.0279 

Time 0 B 3 Off 5 0.0330 0.0299 
1d S 1 0.25 7 0.0401 0.0437 
1w S 2 0.25 4 0.0367 0.0510 

1w +1d S 3 0.5 6 0.0312 0.0408 
2w S 4 0.5 6 0.0367 0.0521 

2w + 1d S 5 0.75 5 0.0287 0.0345 
3w S 6 0.75 7 0.0321 0.0408 

3w + 1d S 7 1 7 0.0475 0.0502 
4w S 8 1 10 0.0320 0.0464 

4w + 1d S 9 1.25 10 0.0253 0.0301 
5w S 10 1.25 9 0.0466 0.0563 

5w + 1d S 11 1.5 8 0.0502 0.0468 
1m + 1w S 12 1.5 - 0.0365 0.0461 
1m + 2w S 13 1.5 - 0.0383 0.0271 

3m S 14 1.5 6 0.0370 0.0399 
3m + 2w S 15 1.5 - 0.0396 0.0516 

4m S 16 1.5 - 0.0478 0.0462 
6m S 17 1.5 8 0.0479 0.0437 
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injury, the patient was diagnosed as in vegetative state (VS) by a multidisciplinary team since he fulfilled all the 
criteria according to international guidelines [S1]. 

A cerebral MRI (turbo spin echo T2-weighted images [TSE-T2], gradient echo T2 [T2*] images, fluid-
attenuated inversion recovery T2 images [FLAIR] and 3D T1) performed in September 2015 showed traumatic 
lesions in fronto-basal and temporo-basal regions associated to an enlargement of the ventricular system 
predominantly on the left side and with brain-stem atrophy in the mesencephalon. The coma recovery scale 
revised (CRS-R) [S2] performed repeatedly during the months preceding inclusion was stable with a score 
ranging between 4 and 6 (07/09/2015: 6/23 [0-1-2-1-0-2]; 06/01/2016: 6/23 [0-1-2-1-0-2]; 27/02/2016: 4/23 [0-
0-1-1-0-2]. Standard neurophysiological assessments including somesthetic, auditory and visual evoked 
potentials, mismatch negativity (MMN) and response to own name were tested regularly during the 15 years of 
vegetative state. Brainstem auditory responses were preserved on short auditory evoked potentials. 
Somatosensory evoked responses to median nerve stimulation (SEP) and middle latency auditory evoked 
responses (ML-AEP) showed a bilateral abolition of somatosensory and auditory cortical responses. Event-
related potentials to auditory stimuli were also abolished: no N100-P200 complex, no mismatch negativity and 
no P300 response to own name were observed. 

 

Experimental design 

Following the clinical screening, the patient was formally included in the study to receive the Vagus Nerve 
Stimulation (VNS) treatment. Prior the experimental test, informed consent was obtained from the patient’s legal 
representative (parents) and the whole protocol and procedure was approved by the Ethical Committee CPP Sud-
Est IV and promoted by the Hospices Civils de Lyon. The study protocol was registered in Clinical Trials 
(ClinicalTrials.gov identifier: NCT02591069). 

 

Prior the beginning of the study, physical and rehabilitation clinicians (JL and LT) evaluated whether the 
patient’s clinical state met the inclusion and exclusion criteria. Inclusion criteria were: 1. age between 18 and 60 
years-old; 2. vegetative or minimally conscious state following anoxia, traumatic or vascular brain injury 
confirmed by brain imagery and lasting for more than 6 months after the insult; 3. respiratory autonomy; medical 
stability. Exclusion criteria were: intubation state; tracheotomy, pregnancy; vagotomy; previous history of 
conscious disorder; contra-indications for VNS such as severe sleep apnea, psychosis, arrhythmia, a unique 
vagus nerve. 

The neurosurgeons (MG, PB) implanted the vagus nerve stimulator device (VNS, Cyberonics, Houston, TX), 
coupled with a pulse generator programmable by telemetry, in the upper left side of the patient’s chest. A 
double-coil electrode was wrapped around the vagus nerve at the neck level. The device was switched on one 
month after implantation at an initial current of 0,25mA with a pulse frequency of 30Hz and a pulse duration of 
500ms. The protocol followed the standard stimulation cycles, used for epilepsy treatment, consisting in 30 
seconds of stimulation interleaved by 5 minute of rest. During the first month and a half, the current amplitude 
was increased of 0,25mA every week until the maximal current of 1,5mA was reached. The stimulation 
parameters were kept unvaried throughout the following months. 

 

Data acquisition 

 
Behavioral assessment 

The Coma Recovery Scale-Revised CRS-R [S2], was used to assess the clinical state of the patient along the 
whole protocol. During baseline and VNS sessions CRS-R evaluation was performed by two expert clinicians 
(JL, LT).  

 

PET data acquisition 

All PET data were acquired with Siemens Biograph mCT-64 PET/CT tomograph at CERMEP Neuroimagery 
Center (Centre d’étude et de recherche multimodale et pluridisciplinaire d’imagerie du vivant, Groupement 
Hospitalier Est, Lyon, FRANCE). The radioligand used was the [18F]-Fluorodeoxyglucose (FDG). A bolus of 
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[18F]-FDG was injected through an intravenous catheter 40 min before acquisition (injected dose, scan 1: 154 
MBq; scan 2: 146 MBq). Measures for tissues and head support attenuation were performed with a 1 min low 
dose CT scan (<0.3 mSV) acquired before emission data acquisition. PET data were acquired in List-Mode 
during 20 min and attenuation corrected image was reconstructed using OSEM-3D iterative method (12 
iterations, 21 subsets, 4mm Gaussian filter) incorporating PSF and time of flight [200 x 200 voxels in plane and 
109 slices (2.03 x 2.03 x 2.03 mm)]. A first PET scan was performed during the first month post-implantation 
while the stimulator was off and a second at the end of 3 post-VNS. Each exam was monitored the clinician (JL) 
and by the clinical and pharmacological staff of the Cermep Neuroimaging center.   

  

EEG data 

EEG recordings were collected during 20 experimental sessions. Recordings consist of 1h of resting state 
acquisitions obtained while the patient was comfortably installed on his bed, with the head slightly raised ans 
resting on the pillow. EEG signals were recorded simultaneously with VNS and ECG signals. VNS signal was 
recorded at the neck in proximity of the vagus nerve stimulator. Three baseline sessions were recorded before the 
beginning of the VNS stimulation, one before and two after the surgery. Further, we recorded EEG data 1 day 
and 6 days after each current intensity augmentation, thus obtaining 12 sessions during 1 month. The other 
sessions were recorded at 2, 3, 4, 5 and 6 months after the beginning of the stimulation.  

 
EEG preprocessing  

 
Electroencephalographic (EEG) signals were recorded using the Brain Product™ actiCHamp system with 128 
active electrodes (actiCAP 128Ch Standard-2) mounted in an elastic cap at 10-5 system standard locations [S3]. 
All electrodes impedances were kept below 50 kOhms. EEG data were recorded at a sampling rate of 5kHz with 
an online reference at the Fz electrode, then all data post-processing was done offline using the MatlabTM 
software. First, the EEG signal was band pass filtered using a zero-phase Chebyshev type II filters (Low pass – 
cutting frequency: 46Hz, transition band width: 2 Hz, attenuation: 80 dB; order: 36, sections: 18 |High pass – 
cutting frequency: 0.5Hz, transition band width: 0.5 Hz, attenuation: 80 dB; order: 7, sections: 4) and re-
referenced to common average. For every session, the first and last 20s of data were discarded in order to avoid 
any edge effect. Data recorded during the 30s of VNS actual stimulation were identified using the VNS signal 
recorded with a bipolar electrode place on the neck and the discarded. Data were divided in epochs of 2s, with 
50% of overlap. Brain artifacts (eye blinks and movement, ballistocardiac noise, muscular artifact, etc.) were 
detected and rejected using an automated recursive procedure of epoch rejection: a covariance matrix was 
calculated for each epoch. Then, for each epoch, the Frobenius norm of the difference between the epoch 
covariance and the mean-covariance was calculated. Any epoch with a Frobenius norm superior to the mean 
norm + 3.5 times the norm standard deviation was discarded. Then, for each session, an independent component 
analysis (ICA)/blind source separation (BSS) algorithm was used to isolate and remove remaining interferential 
non-brain sources [S4].  
 

Data driven sources estimation 
 
We applied group independent component analysis (gICA) to obtain a direct estimation of the neural sources 
reproducible across all recording sessions. A procedure using the Second Order Blind Identification [S5] 
algorithm was privileged among other methods due to its robustness with respect to inter-session variability and 
its ability to separate sources with non-proportional power-spectra without deleterious prior dimension reduction 
[S6]. To this aim, 1001 lagged-covariance matrices with time delays from 0 to 1/5s were computed on each 
epoch to be then averaged across epochs and across sessions. The resulting diagonalization set was then joint-
diagonalized using the UWEDGE algorithm [S7] leading to the identification of 128 independent components 
(ICs). Finally, the ICs were ordered by decreasing order of explained-variance and only the first 20 sources were 
evaluated as being reliable neural sources with a stable dipolar topography (a stable dipolar topography being 
mandatory for accurate source localization). The other ICs were discarded.  
 

Model driven sources localization 
 
A forward lead field model was generated using the symmetric boundary element method (symmetric 

BEM) with the OpenMEEG Software [S8] and the Brainstorm platform [S9]. The patient’s anatomy, segmented 
from T1-weighted magnetic resonance images was considered. Then, only preserved cortical regions, identified 
from the measured [18F]-FDG metabolism, were retained. Finally, for each source identified after Blind Source 



5 
 

Separation (BSS), the columns of the estimated mixing matrix were used as the inputs of the inverse problem 
solved by the Standardized Low Resolution Electromagnetic Tomography (sLORETA) method [S10]. 

 
 
 
 
 
 
Frequency Analysis 
 

Scalp analysis 

Absolute power spectra density (PSD) were computed using the Welch method (2s Hamming window, 50% 
overlap, FFT length 214 samples). For each VNS ON session, the percent of absolute PSD change at each sensor 
were computed with respect to the mean PSD computed in the three baselines. Then the median percent of signal 
change was calculated across all electrodes. One-sample Student t-test corrected by false discovery rate [S11] 
was employed to identify frequencies showing significant changes during VNS.  
 

 

Sources analysis 

Absolute power spectra density (PSD) were computed at the source level using the Welch method (2s Hamming 
window, 50% overlap, FFT length 214 samples). For each VNS ON session, the percent of absolute PSD change 
at each IC were computed with respect to the mean PSD computed in the three baselines. One-sample Student t-
test corrected by false discovery rate over all 128 ICs was used to assess which sources showed a significant 
difference in absolute PSD compared to baseline in theta band. Among the twenty most reliable and reproducible 
preselected neural sources, eight have shown a significant power increase in the theta band after VNS. These 
eight sources have been then selected for further analyses. 
 

 

Weighted Symbolic Mutual Information (wSMI) 

 

Scalp data 

We computed over preprocessed data a weighted symbolic mutual information index (wSMI), previously 
described by King at al. [S12] as a promising measure to discriminate between different states of consciousness. 
This index is derived from the permutation entropy analysis and is used to detect non-linear coupling between 
pair of electrodes. This method consists in reducing signals to a limited set of discrete symbols, determining the 
symbols’ probability density and counting their mutual occurrence over two time-series. Symbols are defined by 
considering groups of sub-vectors, including a certain number of points (k = 3) sampled with a particular 
temporal interval, which determines the frequency band for which the measure become sensible. Every sub-
vector corresponds to a particular symbol, assigned according to different reciprocal patterns that the three points 
can assume. For k = 3, 6 possible patterns exist. The parametrization τ = 32ms and k = 3, which lead to wSMI 
values particularly sensitive to patterns occurring in the θ band, was specifically selected following King et al. 
study [S12] showing that the combination of these values is the most sensitive to discriminate between different 
states of consciousness. To compute the wSMI, the EEG was first filtered with a low-pass Chebyshev type II 
filter with a cutting frequency at 10 Hz to avoid any aliasing during the symbolic transformation. Then, the scalp 
signal was spatially filtered using a Laplacian Transform [S13] in order to reduce redundancy in the data, as 
recommended in King et al. [S12] protocol. An estimate of the coupling between each pair of electrodes, after 
symbolic transformation can be obtained with the following formula: 

 

Where x and y are all symbols pairs found simultaneously in signals X and Y respectively; p(x,y) is the joint 
probability of symbol co-occurrence of x in X and y in Y; p(x) and p(y) are the marginal probabilities of those 
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symbol in their time series. In order to avoid trivial conjunction of symbols due to common sources a weight w 
was applied. In this way, conjunctions due to volume conduction or polarity change were set to zero. To reduce 
the dimensionality and avoid to compare each electrode pair, statistic was performed over a comprehensive 
variable: the median wSMI that each EEG channel shares with all other channels. We wanted to test whether the 
wSMI pre-VNS was lower compared to the wSMI post-VNS. Since previous literature reported that median 
wSMI increases mostly over centroposterior region, we test the average median wSMI over electrodes within 
this region of interest. A cluster of electrodes was selected by taking all parietal locations in the patient preserved 
right hemisphere, then a non-parametric permutation test (10 000 permutations) was ran to assess the increment 
of median wSMI post VNS. 

 

Sources data 

wSMI was also computed on the sources space as an index of information sharing between the sources 
previously identified as the generators of the VNS induced θ power increase observed on the scalp. wSMI was 
computed between all sources pairs and the magnitude of information sharing for each IC was estimated as the 
mean wSMI that the IC shares with all other IC. Sources were tested using non-parametric permutation test 
(10 000 permutations) to assess the increase of mean wSMI post-VNS and then corrected by applying a 
Bonferroni correction. 
 
Finally, in order to test if wSMI values correlate with the observed patient’s behavioral improvement, a robust 
regression (robustfit function MatlabTM software, ‘bisquare’ weighting function) was computed between the 
CRS-R scores and the mean wSMI across sources.  

 

Supplemental Results  

On the day following the surgery of the vagus nerve stimulator implantation a clear wide opening of the eyes 
was observed for several hours. This sudden improvement could be related to an overstimulation of the nerve 
during surgery. This behavior was again observed when the stimulator was switched on one month after 
implantation. Each time stimulation intensity was increased, recurring episodes of cough were observed together 
with facial flushing and wide opening of the eyes. These manifestations lasted a couple of minutes. Globally, the 
patient was significantly more alert after the stimulation was turned on. Several behaviors expressing awareness 
have been detected by clinicians and family member starting from an intensity of 0.5 mA and which have been 
replicated when the intensity reached 1 mA. These included oriented eyes movements (mainly the right eye 
because of a ptosis of the left eye) on the speaker’s direction, wide eyes opening when the experimenter 
approached the patient’s face, eye movements pursuit following a mirror, spontaneous head movements towards 
the speaker while moving around the patient’s bed, slow left-right head movements on verbal command. 
Furthermore, meaningful affective behaviors have been also elicited in response to emotional stimuli. For 
instance, a smile on the left cheek and tears were observed while listening to his preferred music. During the 
VNS period, an episode of bronchial stasis was observed that justified a short stay at the hospital. It should be 
noted however that the patient already had regular bronchial stasis before his inclusion in the protocol.  

 

Supplemental Discussion  

Experimental procedure: pitfalls and advantages 

One of the limit of our experimental design is the lack of a placebo or an off condition. When we started the 
protocol we anticipated this difficulty but since this is a study involving one single patient we were forced to also 
consider other arguments that were against. First, it is unethical to switch a stimulator in a vegetative state 
patient that is getting clinically better. This is hard to accept by family members and even by clinicians. Second, 
as shown by our results the beneficial effect of VNS on patient’s brain activity across sessions seems cumulative. 
This makes difficult to define a wash out period. To reduce criticisms on the lack of an off condition, during 
participants’ selection phase, we deliberately choose to conduct this first experiment in a patient having received 
a pessimistic outcome on his chances to recover consciousness. Fifteen years of VS where no response occurred 
to any kind of stimulation or no improvements following clinical rehabilitation or pharmacological intervention 
we do believe constitute compelling arguments in favor of a causal effect of VNS as this is the only procedure 
that improved the patient’s state. One may still argue that surgical intervention per se might have had a beneficial 
effect. As reported in the main text and in the methods (see above) there was a delay of one month between the 
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surgical implantation and the time when the stimulator was switched on. During this off period no significant 
changes were observed. Yet, after stimulation, one month was a sufficient delay to induce changes and to 
observe patient’s behavior recovering. In the light of these evidence we strongly believe that VNS is at the origin 
of patient’s improvements. Following our single case study where we demonstrate the beneficial effects of VNS, 
larger populations of VS and MCS can be tested using for instance a multiple baseline across subject design 
where the issue of an off stimulation condition can be addressed with patients’ stimulation scheduled at different 
time intervals. This type of study takes years to be completed. Therefore, a single case investigation remains an 
important step to demonstrate the feasibility and the benefits, along the possible side effects, of VNS. 

 

Technical advantages of blind source separation (BSS) 

Previous studies performed in patients with severe to mild disorders of consciousness have examined scalp 
activity in neural sources to search for neural markers of conscious states [S14]. Model driven source separation 
has been used to dissociate signals from closed locations selected a priori. Model driven source separation 
method present for different raisons several shortcomings [S15]. First, modelling damaged brains using a 
forward model is challenging and prone to errors. Second, the sensitivity to noise of model driven inverse 
solutions are often incompatible with noisy EEG recorded in clinical situations. Third, if some distributed 
inverse solution are good at localizing one active source [S10], they can poorly dissociate three simultaneously 
active sources [S16–S19]. 

Because we were conscious of these difficulties, we choose a rather different approach based on blind and data 
driven procedure. To dissociate the neural sources mixed in scalp measurements we used blind source separation 
(BSS / also known as ICA – independent component analysis). Because of the “blind” nature of the BSS 
approach, no knowledge of volume conduction (volume inhomogeneity and anisotropy) or assumptions about 
source waveform is needed [S20]. Further, BSS can recover systematically distributed neural sources from 
“resting” EEG [S21] and can recover multiple independent components that are spatially closed despite 
unavoidable inter-session variabilities [S6,S22]. Therefore, this procedure allows to identify for any type of 
patient the most reliable sources components that are contributing to the recorded scalp EEG, regardless of 
distortions found in the lesioned brain.    

In the wSMI analysis the purpose of BSS procedure was to select the neural components reactive to VNS in 
order to reduce spurious connectivity due to interfering sources and obtain a more reliable index of patient’s 
consciousness level. The original wSMI analysis of King et al [S12], reproduced in this paper, needed a spatial 
transformation (Spatial Derivative of scalp potentials) before the estimation of functional connectivity. The 
rationale for the method presented in the second part of the paper is that the use of a spatial transform derived 
from the patient’s measurements using BSS will suppress most of the noisy components that can interfere with 
the wSMI estimates while preserving potentially critical tangential sources that could be suppressed by the 
current source density (CSD) transform [S20]. With the original spatial transform, a correlation between the 
measured functional connectivity and the observed variation of the clinical score (Robust regression: t 
(1.0716;1.9863), dfe = 14, p=0.0669) was already measured. But as predicted, with the BSS derived spatial 
transformation the observed linear relationship between wSMI and the CRS score was far better (Robust 
regression: t (-0.0128;3.9436), dfe = 14, p = 0.0015). Second concerning the estimation of the localization of the 
identified components, a forward head model was built, considering the patient’s anatomy and metabolism. Then 
the localization of the cortical generators of each identified independent components were estimated using 
Standardized Low Resolution Electromagnetic Tomography. This strategy was privileged due to its good 
performances to localize point-test sources [S10,S22]. However, the accuracy of the localization estimates is 
indeed sensitive to errors in the head modeling of the patient despite the good quality of the spatial patterns 
estimated via BSS. That’s why the estimated localizations of the components within the right occipito-parietal 
lobules are reported using an appropriate precision (most probable lobule/structure). Nevertheless, the results 
reported on the extracted signals of the independent component are not concerned by these issues. 

  

Effect of VNS: cumulative against instantaneous?  

An interesting issue is the important delay (one month) needed to observe stable improvements following VNS. 
Our results show that brain activity and regional connectivity progressively improve as VNS stimulation 
increases. This suggests a cumulative and time lag beneficial effect of VNS rather than being an instantaneous 
one. Several studies have applied other techniques as potential treatments for consciousness disorders. For 
instance, short duration transcranial direct current stimulation (tDCS) applied for 20 minutes on dorsolateral 
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prefrontal cortex of coma patients has been shown to improve CRS-R scores, mainly in MCS patients [S23]. A 
similar observation has been made in a single patient using deep brain stimulation (DBS). It must be noted, 
however, that tDCS and DBS are techniques that directly act upon cortical and subcortical activity, respectively. 
In contrast, VNS is a peripheral stimulation although the vagus nerve has direct projections to brain stem regions 
and via the thalamus to the cortex. Hence, because of such differences, VNS effects might be indirect, therefore 
appearing late in time.   

Pharmacological interventions have also been tested as treatment aiming at modulating key neurotransmitter 
systems mediating arousal and attention. The GABA agonist Zolpidem was shown to trigger an immediate, 
though temporary, transition from VS to MCS, inducing a re-emergence of command following, visual pursuit 
and gesture, albeit in some few responsive patients [S24]. VS and MCS patients, treated for 4 weeks with 
amantadine, which acts on monoamines such as noradrenaline and serotonin, showed a faster rate of behavioral 
improvement [S24].  

In line with this, it was found that in rat models of coma, both acute and chronic VNS, stimulates the same 
neurotransmitters (serotonin and noradrenaline) as well as growth factors in the hippocampus and cerebral 
cortex, but only chronic stimulation modulates the firing rates of monoaminergic neurons [S25–S27]. In parallel, 
behavioral effects in this animal model were observed after eight days post-injury [S28]. In the present study, we 
have shown that VNS beneficial effects appear after one month of stimulation. This suggests that the 
improvements we found may be linked to the upregulation of serotonergic and noradrenergic neurons. 
Furthermore, this timing is also consistent with the one observed in epileptic patients. Indeed, it has been found 
that VNS reduces epileptic seizures after several weeks or months, probably reflecting an increase of cerebral 
blood flow (CBF) notably in the parietal cortex and thalamus [S29]. 
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Pre-VNS Post-VNS

S6
S3

S11
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S6
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S11
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