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Wisdom of the caregivers: pooling individual subjective reports to diagnose states of consciousness in brain-injured patients, a monocentric prospective study
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Main findings

We thus designed a visual analog scale for the caregivers to quantify their subjective feelings about patient's best level of consciousness during their shift. We then compared the performance of the pooled reports of caregivers to the current gold-standard, that is, the best of several CRS-R score observed during patient hospitalization. This allowed us to gather close to 700 ratings performed by more than 80 different caregivers (nurses and nurses assistants) in 47 DoC patients.

According to our hypothesis, we found that this new score, that we called DoC-feeling, had very good overall diagnostic performances to diagnose MCS as compared to the CRS-R. An accurate diagnosis was obtained starting from 4 caregivers ratings per patients.

Conclusion

While it still needs to be validated on a larger scale in a multicentric study, this readily available tool, easily implementable in any acute or chronic setting taking care of DoC patients, bears substantial promise in improving diagnostic accuracy in patients with DoC together with other potential implications such as the fine-grained assessment of patients fluctuations.
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Les altérations persistantes de la conscience secondaires à une aggression cérébrale sévère font parties des atteintes les plus dramatiques en médecine. En sus de ses implications sociétales et éthiques, le diagnostic approprié de l'état de conscience minimale (ECM) par rapport à l'état végétatif, autrement appelé état d'éveil non répondant, a une importance pronostique décisive. Actuellement, cette distinction repose principalement sur l'examen comportemental, notamment avec la version révisée de l'échelle de récupération du coma, mais aussi sur des techniques variées d'imagerie cérébrale fonctionnelle acquise au repos ou au cours de paradigmes cognitifs actifs. Parallèlement à ces progrès diagnostiques, de nouveaux traitements prometteurs ont récemment étaient développés pour ces patients, notamment, la stimulation cérébrale transcranienne non-invasive par courant électrique direct (tDCS) ou alternatif (tACS). Cependant, le diagnostic reste un challenge du fait i) de l'expertise qu'il nécessite, ii) de son interprétation délicate en terme de cognition résiduelle, et iii) de la faible disponibilité des examens paracliniques en dehors des centres spécialisés. Un challenge similaire existe pour les thérapies par stimulation électrique transcranienne, dont les mécanismes par lesquelles elles sont à même d'améliorer la conscience nous sont encore inconnus. Dans cette thèse, nous avons essayé de contribuer à ces deux thématiques en utilisant une méthodologie commune combinant des mesures comportementales à l'enregistrement de l'activité cérébrale, avec pour but d'interpréter les procédures diagnostiques et thérapeutiques à l'aune de la physiologie de la conscience. Nous avons donc proposé de nouveaux outils diagnostiques et investigué les effets de la stimulation électrique transcranienne à la fois sur l'état de conscience et l'accès conscient chez le patient et le sujet sain. Plus spécifiquement, sur le plan diagnostique, nous avons i) introduit une nouvelle échelle comportementale pour mesurer l'état de conscience, fondée sur l'intelligence collective, ii) validé la mesure de l'indice métabolique du PET au fluorodeoxyglucose comme étant l'une des meilleures techniques de neuroimagerie pour le diagnostic de l'ECM, et iii) mis au point un signe clinique d'ECM nouveau et fiable, l'habituation du réflexe de sursaut au bruit. En plus d'enrichir notre répertoire de procédures diagnostiques disponibles pour le diagnostic des troubles de la conscience, nos résultats sont en faveur de la réinterprétation de l'ECM comme étant un état médié par le cortex, qui plutôt que le terme générique et vague d'ECM, nous renseigne sur la préservation fonctionnelle de réseaux corticaux spécialisés, et qui peut inclure à la fois des états conscients et inconscients. Sur le versant thérapeutique, l'investigation des effets comportementaux et électrophysiologiques de la tDCS préfrontale chez les patients souffrant de troubles de la conscience nous a permis de mettre en évidence un effet authentique et direct de la stimulation sur la conscience, agissant via la modulation de l'activité corticale et de la connectivité cortico-corticale résiduelle. Enfin, dans le but de développer de nouveaux paradigmes de stimulation, influencés par la théorie, nous avons utilisé la tDCS et la tACS chez des sujets sains pour tester des prédictions de la théorie de l'espace de travail neuronal global lors d'une tâche visuelle d'accès conscient, avec des effets hétérogènes. Au total, nos résultats plaident pour l'investigation systématique des effets de la stimulation sur l'activité cérébrale et pour le développement de procédures de stimulation plus efficaces et ciblées.

x

The study of consciousness, questioning what is the nature of subjective experience and what are the underlying mechanisms subserving such mental representations, is one of the most fascinating field of research in cognitive neuroscience. Beyond the evident scientific interest, these questions and related ones such as whether or not animals are conscious or 'Could machines become conscious ?' [START_REF] Dehaene | What is consciousness, and could machines have it?[END_REF], largely exceeds the scientific community and are critical ethical and societal issues. Historically, these questions have long been considered out of reach for rigorous scientific approaches, and were thus neglected by neurologists and neuroscientists. Some contemporary philosophers, like David Chalmers, even question neuroscience's ability to provide significant answers to the 'hard problem' of consciousness: 'Why and how do physical processes in the brain give rise to conscious experience ?' [START_REF] Chalmers | Facing Up to the Problem of Consciousness[END_REF]). Yet, this state of fact has somewhat changed a few decades ago, when researchers in cognitive psychology began to develop innovative experimental paradigms to unravel the empirical properties of conscious and unconscious perception. At the same time, the advent of modern brain-imaging techniques allowing the anatomical and functional study of cognitive processes started to shed light on the mechanisms supporting consciousness. Although experts still advocate for more recognition and funding [START_REF] Michel | Opportunities and challenges for a maturing science of consciousness[END_REF], thanks to all of these efforts, consciousness science is now a mature and ever-growing area of research in cognitive neuroscience.

From the study of conscious perception, through the study of brain-body interaction, to the study of dreams, the scope of consciousness science is very wide. Among one of its focus, is the case of non-communicating patients suffering from disorders of consciousness (DoC) following severe brain injuries. Given the very intimate nature of consciousness and its relation to the self, those disorders are among the most dramatic conditions in medicine. As a neurologist and intensivist, I often faced those frustrating situations in which the simplest questions such as 'Is the patient aware of his environment or of himself ?', 'Is he understanding what I say or feeling any emotions ?', or 'What would he want us to do ?', have little to no answer. Beyond clinical practice, the high stakes for a better understanding of theses critical situations are reflected by the regular roaring societal and ethical debates raised when such cases end up making the headlines. In my humble opinion, one of the reasons of these issues may originate from the incomplete knowledge we have of these states and especially from the common misunderstanding about the signification of what it does really mean to be in a given state of altered consciousness, to paraphrase the classical definition of consciousness. Another reason is to be found in the cruel lack of therapeutics currently available for the severely brain-injured patients, that often makes us feel helpless.

In this thesis, we tried to bring modest contributions to both of the aforementioned issues. First, by expanding diagnostic procedures and second, by investigating the effect of the recently proposed transcranial electrical stimulation to improve consciousness in patients. More specifically, on the diagnostic part, we introduced a new behavioral scale for consciousness disorders, proposed a new clinical sign of minimally conscious state and validated the positron emission tomography (PET) as one of the best neuroimaging technique for minimally conscious state diagnosis. On the therapeutic side, we investigated the effects of electrical brain stimulation on behavior and brain activity of patients suffering from disorders of consciousness. Finally, in an attempt to develop theory-driven stimulation paradigms, we used transcranial direct and alternating current electrical stimulation to test predictions of the global neuronal workspace theory on conscious access in healthy conscious subjects.

Before presenting our experimental contributions, we will introduce all the notions and concepts used in the different projects of the PhD. The first part of the introduction will focus on the definitions of consciousness and its disorders and on the methodology of consciousness science.

We will then provide a brief exposure of consciousness physiology and of the proposed global neuronal workspace explanatory theory. In the second part, we will review the current methods for DoC diagnosis, from behavior to sophisticated brain-imaging techniques. We will particularly insist on the techniques used in this work, namely the revised version of the coma recovery scale (CRS-R), electroencephalography (EEG) and PET. We will see how these techniques illuminate DoC pathophysiology and redefine our current understanding of DoC, bringing the emergence of new concepts. In the third and last part, we will introduce the current treatment strategies available 1.1. CONSCIOUSNESS: GENERAL NOTIONS AND CONCEPTS 5 for consciousness disorders. We will particularly concentrate on transcranial electrical brain stimulation techniques by presenting their supposed mechanisms of action, the current level of evidence supporting their use in patients and their potential interest in the study of normal consciousness physiology.

1.1 Consciousness: general notions and concepts 1.1.1 Definitions 1.1.1.1 Conscious state and conscious access While we may not find a universal agreed-upon definition, consciousness is classically defined as the ability for a subject to be aware of himself and of its surrounding environment. According to this definition of consciousness, being conscious corresponds to the ability to subjectively experience and self-report mental representations. This general definition of consciousness actually incorporates two related aspects, conscious access and conscious state. The former, the transitive form of consciousness, refers to the process by which a specific content becomes available to self-report and thus gains access to consciousness. It is important to note that this aspect is not restricted to perceptual contents, but also extends to memories, metacognitive thoughts and emotions to name a few. The latter, the intransitive form of consciousness, refers to a physiologic state in which a subject is able to access mental representations, irrespective of their content, in order to maintain a continuous stream of conscious contents.

Phenomenal and access consciousness

One approach to the study of consciousness is to investigate the mechanisms underlying the access to a specific content. In order to do that, one must use a criterion to distinguish subjectively experienced mental representations from ones that are not. To that end, the reportability of a mental representation, introduced by the psychologist Larry Weiskrantz [START_REF] Weiskrantz | Consciousness Lost and Found: A Neuropsychological Exploration. Consciousness Lost and Found: A Neuropsychological Exploration[END_REF], is unarguably CHAPTER 1. INTRODUCTION the most shared criterion among researchers. In that frame, a mental representation is conscious, if and only if the subject is able to report it (to himself or to others), whatever the means (reports are not necessarily verbal). Yet, at least two types of criticism are directed towards subjective reports.

The first concerns the extent to which reportability exhausts the nature of conscious representations. Ned Block has thus introduced the concept of phenomenal consciousness (P-consciousness) which poses that the richness of conscious mental representations overflows the limited amount that can be effectively reported [START_REF] Block | On a confusion about a function of consciousness[END_REF][START_REF] Block | Consciousness, accessibility, and the mesh between psychology and neuroscience[END_REF] and equates consciousness to the subjective feeling of what is it like to experience a specific content. Phenomenal consciousness is defined in contrast to access consciousness (A-consciousness), which would be resumed to the mental representations that we can subjectively report and use in reasoning and rational guidance of actions and speech. We will examine this matter in greater details later and for the time being, we will just mention that the concept of phenomenal consciousness is hard to test in experimental settings and suffers from internal contradictions, the major being that in order to know that there's a phenomenal experience, we actually have to report it to ourselves (Naccache, 2018b).

The second criticism is related to the potential bias and lack of sensitivity of subjective reports.

This can be improved either with signal detection theory-derived measures like the sensitivity index (d') based on subjective reports or with second-order/metacognitive judgements about the reports, such as confidence in the reports (meta-d') (Fleming and Lau, 2014;[START_REF] Sherman | Inferences about consciousness using subjective reports of confidence[END_REF][START_REF] Rosenthal | Consciousness and confidence[END_REF] or post-decison wagering [START_REF] Persaud | Post-decision wagering objectively measures awareness[END_REF]. Despite these ongoing controversies, there is no doubt that the use of subjective reports as a cut-off between conscious and unconscious representations proved to be very fruitful in cognitive psychology and neuroscience to unravel the physiology of consciousness (Dehaene et al., 2011).

Experimental models and paradigms in consciousness science

In order to identify the neural correlates of consciousness (NCC) [START_REF] Crick | Toward a Neurobiological Theory of Consciousness[END_REF], that is the minimal neural mechanisms jointly sufficient for any conscious percept, the scientific investigation of consciousness relies on various experimental models.
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The first approach is related to the observation of brain-lesioned patients affected by neurophysiological syndromes. It has been used for centuries to map brain regions to function and gave us the famous cases of Phineas Gage for prefrontal lesions and Leborgne for aphasia for instance.

In this context, we will see that the study of visual impairments such as blindsight, visual agnosia and neglect yielded major findings on the physiology of both conscious and unconscious perception [START_REF] Naccache | Visual consciousness explained by its impairments[END_REF]. An extension of this approach is to directly or indirectly interfere with the brain mainly through electromagnetic stimulation. To that end, the first technique used was the direct electrical cortical stimulation performed during awake surgery, which can either mimick the effect of brain lesions or elicit specific behaviors, thus informing us about the function of the stimulated region [START_REF] Desmurget | Re-establishing the merits of electrical brain stimulation[END_REF][START_REF] Desmurget | Revealing humans' sensorimotor functions with electrical cortical stimulation[END_REF]. More recent techniques of stimulation such as transcranial electromagnetic stimulation have the advantage of being non-invasive, although they are less precise.

In the second approach, called the contrastive approach, consciousness can be studied both in healthy subjects and patients, using experiments creating a minimal contrast between consciously and unconsciously perceived stimuli. In this framework, that we will mainly cover in the physiology of consciousness section (section 1.1.3, page 14), several paradigms have been proposed.

Despite their inherent different properties, the general idea behind these paradigms is to keep the sensory input and overall state of participants as constant as possible throughout the experiment and to contrast the neuronal activity elicited in trials in which a stimulus is perceived as opposed to trials in which it is not perceived. For example, one can create subliminal presentation with masking paradigms (the perception of a stimulus is suppressed by the presentation of a mask, immediately before or after the target stimulus in forward and backward masking respectively), rely on ambiguous stimuli (bi-stable perception of a unique ambiguous stimulus, ambiguity of near-threshold stimulus, rivalry between the two eyes as in binocular rivalry or flash suppression) or manipulate the allocation of attentional resources (attentional blink, inattentional blindness) to name a few.

Finally, the last approach to consciousness study, is to investigate how different states of con-CHAPTER 1. INTRODUCTION sciousness relate to each others. The general principle behind this idea is to observe sets of shared properties among conscious states that are absent in unconscious' ones, in order to draw inferences about the necessary mechanisms of consciousness. In this line of research, several models can be used. First, one can study physiologic states of unconsciousness such as deep sleep, as compared with sleep stages where the ability to have subjective experience remains (dreaming during rapid-eye movement (REM) sleep). Alternatively, one can study consciousness in druginduced loss of consciousness, as in anesthesia or under psychedelics. Finally, one can study pathological alterations of consciousness observed in clinical practice. Among these, the loss of consciousness during epileptic seizures (generalised or partial complex seizures) is hopefully transient. But other pathological alterations of consciousness, gathered under the name disorders of consciousness (DoC) may last in time. DoC follow severe brain injury and regroup heterogeneous syndromes characterized by their degree of consciousness impairment. The leading causes of DoC are traumatic brain injuries and post-anoxic encephalopathies following cardiac arrest or profound hypoxia, but DoC can also results from strokes, central nervous system inflammatory diseases or from the consequences of metabolic disturbances (hypoglycemia, dysnatremia and so on) or intoxications (carbon monoxide poisoning, heroin inhalation and so on). In the next chapter, we will present the current taxonomy of these altered states of consciousness.

Taxonomy of consciousness disorders (DoC) 1.1.2.1 Coma

Long before consciousness became the subject of scientific theories, pathological alterations of consciousness were recognised in medicine. The first altered state of consciousness described was the coma. Coma is a state in which a patient has his eyes closed and is unresponsive and unarousable, even with strong stimulation. Its characterization dates from ancient Greece (coma comes from the greek word koma, which means deep sleep), as illustrated by its presence in Hippocratic corpus [START_REF] Koehler | Historical study of coma: Looking back through medical and neurological texts[END_REF]. Ever since its description, coma was associated with brain 1.1. CONSCIOUSNESS: GENERAL NOTIONS AND CONCEPTS lesions and dysfunctions, mainly traumatic or due to stroke at that time. This state of complete loss of both vigilance and consciousness, along with milder forms of vigilance impairments such as stupor or lethargy, long resumed the nosography of consciousness alterations [START_REF] Plum | The diagnosis of stupor and coma[END_REF].

1.1.2.2 Vegetative state / unresponsive wakefulness syndrome (VS/UWS)

In the midst of the 20 th century, the development of intensive care units with mechanical ventilation along with the progress of other resuscitation techniques led to the survival of severely brain-injured patients beyond the acute stage. Consequently, doctors observed that the initial comatose state during which patients previously died, did not last more that a week or two and was followed by the recovery of some arousal, i.e. eyes opening, and motor behaviors. In some of these patients, however, the recovery seemed to be limited to those signs, without any adapted reactions to the environment. The accumulation of such cases prompted Jennett and Plum to name this condition the persistent vegetative state (VS), in their famous Lancet paper in 1972: 'Persistent Vegetative State after Brain Injury. A syndrome in search for a name.' (Jennett and Plum, 1972).

The syndrome was initially described as follows: '[...] the absence of any adaptive response to the external environment, the absence of any evidence of a functioning mind which is either receiving or projecting information, in a patient who has long periods of wakefulness.' Patients in this state thus have preserved autonomic regulation and vegetative functions (originating mainly in the brainstem), and exhibit spontaneous or induced arousal, as evidenced by eyes opening and sleep-wake cycles (Bekinschtein et al., 2009c;[START_REF] Landsness | Electrophysiological correlates of behavioural changes in vigilance in vegetative state and minimally conscious state[END_REF][START_REF] Rossi Sebastiano | Sleep patterns associated with the severity of impairment in a large cohort of patients with chronic disorders of consciousness[END_REF]. However, they completely lack behavioral evidence of self or environmental awareness and their behavior can be entirely explained by reflexes stemming from the brainstem and the medulla. This notion is reflected in the other name used at that time to label this condition, the apallic syndrome, which means absence of cortex.

Interestingly, since Jennett and Plum described this syndrome, its definition did not substantially changed, except for the abandon of the term permanent to the profit of chronic for states CHAPTER 1. INTRODUCTION lasting more than 12 months in traumatic cases and 3 months in non-traumatic ones (Giacino et al., 2018). Also, a new denomination has been proposed, the unresponsive wakefulness syndrome (UWS), mainly because of the perceived pejorative connotation associated with the word vegetative in the public opinion (Laureys et al., 2010). Regarding this matter, the term vegetative refers both to the preservation of the autonomic and vegetative functions and to 'an organic body capable of growth and development but devoid of sensation and thought' as stated in the original Jennett paper. In this view, the new proposed term is more descriptive and neutral as it relates to the behavioral description of an unresponsive patient which shows signs of wakefulness. While interesting, this new name still suffers from a lack of recognition and from a common confusion between wakefulness and awareness even among the medical community, as evidenced by the different perception of patient's prognosis when the same reality is described by either of the two labels [START_REF] Kondziella | Public perception of the vegetative state/unresponsive wakefulness syndrome: A crowdsourced study[END_REF]. As such, the term VS is still recommended by some scientific societies (Turner- [START_REF] Turner-Stokes | Prolonged disorders of consciousness: New national clinical guidelines from the Royal College of Physicians, London[END_REF]). In the subsequent work, we will refer to this state using both names, with the following abbreviation: VS/UWS.

Minimally conscious state (MCS)

In 2002, Joseph Giacino proposed to delineate a new syndrome, the minimally conscious state (MCS), to acknowledge the case of patients, which despite not being fully conscious, do not meet the VS/UWS criteria. These patients, previously labelled as minimally responsive, present 'a condition of severely altered consciousness in which minimal but definite behavioral evidence of self or environmental awareness is demonstrated', as he stated it (Giacino et al., 2002). Evidence of such awareness lies in the demonstration of cognitively-mediated behaviors, which, although inconsistent, are reproducible and sustained long enough to be differentiated from reflexive behaviors. A list of proposed behaviors fulfilling these criteria was provided in the publication:

• Following simple commands.

• Gestural or verbal yes/no responses (regardless of accuracy).

• Intelligible verbalization.

CONSCIOUSNESS: GENERAL NOTIONS AND CONCEPTS

• Purposeful behavior, including movements or affective behaviors that occur in contingent relation to relevant environmental stimuli and are not due to reflexive activity. Some examples of qualifying purposeful behavior include:

appropriate smiling or crying in response to the linguistic or visual content of emotional but not to neutral topics or stimuli,

vocalizations or gestures that occur in direct response to the linguistic content of questions,

reaching for objects that demonstrates a clear relationship between object location and direction of reach,

touching or holding objects in a manner that accommodates the size and shape of the object,

pursuit eye movement or sustained fixation that occurs in direct response to moving or salient stimuli.

The MCS syndrome was soon accompanied by a new version of the previously existing JFK Coma Recovery Scale [START_REF] Giacino | Monitoring rate of recovery to predict outcome in minimally responsive patients[END_REF], the Coma Recovery Scale-revised (Giacino et al., 2004; Kalmar and Giacino, 2005), in which Giacino circumscribed the exact characterization of each and every behavior qualifying for an MCS diagnosis, together with precise instructions on how to look for them. This scale will be detailed later in this manuscript (section 1.2.1.1, page 26).

It should be noted however, that MCS is quite an heterogeneous syndrome and regroups patients exhibiting behaviors encompassing various cognitive processes. Some authors proposed a further distinction of MCS-and MCS+ patients, on the basis of the absence/presence of signs of language function respectively (Bruno et al., 2011(Bruno et al., , 2012)). In that frame, MCS+ patients are patients able to exhibit command following, intelligible verbalization and intentional although not functional communication, while MCS-patients only show contextualized motor and emotional behaviors such as visual pursuit or fixation, orientation to noxious stimuli and object reaching or manipulation.

Importantly, all these states of altered consciousness are to be differentiated from unresponsiveness due to sensory deficits (blindness, deafness), sensorimotor impairments, and/or other primary deficits such as aphasia, agnosia or apraxia [START_REF] Majerus | The problem of aphasia in the assessment of consciousness in brain-damaged patients[END_REF]. One of the most compelling illustration of this fact is to be found in the locked in sydrome (LIS), a condition in which patients are fully conscious, but lack the ability to communicate due to impaired motor function. This state usually follows the disruption of pyramidal tracts by a brainstem lesion (most of the time a stroke, but also a tumor or an abcess) and results in a complete or near-complete quadriplegia, aphonia and anarthria [START_REF] Bauer | Varieties of the locked-in syndrome[END_REF]; American Congress of Rehabilitation Medicine, 1995; [START_REF] Laureys | The locked-in syndrome : What is it like to be conscious but paralyzed and voiceless?[END_REF]. The severity of the motor deficit is variable and goes from complete absence of any motor output in the complete LIS, from the classical LIS in which only vertical eyes movements and/or blinking are present, to more partial forms of LIS, where islets of motility are preserved. Studies of cognition in LIS patients showed that not only their consciousness is preserved, but that they also have near-normal cognitive abilities (Schnakers et al., 2008c). Other differential diagnosis of DoC are conditions characterized by a disruption of intentional behavior, such as in akinetic mutism or loss of psychic self-activation syndrome. Finally, catatonia can also be mistaken for a DoC.

Although theses distinctions are clear on the surface (Figure 1.1), it should be noted that accurate diagnosis of DoC can be incredibly challenging, since most of the examination relies on easily exhausted and sometimes inconsistent motor or verbal behaviors and that primary deficits are not mutually exclusive with consciousness alterations. Such deficits are even frequent in severely brain-injured patients. This is illustrated by the rate of misdiagnosis of MCS mistaken as VS/UWS in the absence of a proper scale [START_REF] Schnakers | Diagnostic accuracy of the vegetative and minimally conscious state: Clinical consensus versus standardized neurobehavioral assessment[END_REF] and by the time to LIS diagnosis. Indeed, approximately 2.5 month are habitually observed from the time of injury to the LIS diagnosis, with most of the times families and not clinicians spotting the first signs of consciousness [START_REF] León-Carrión | The locked-in syndrome: A syndrome looking for a therapy[END_REF]. It should however be noted that this long delay is partially explained by an initial comatose state due to the brainstem injury.

Physiology of consciousness 1.1.3.1 Arousal system

As exemplified by the absence of consciousness during general anesthesia, deep sleep and comatose state [START_REF] Posner | Plum and Posner's Diagnosis and Treatment of Stupor and Coma[END_REF], a prerequisite for consciousness is the arousal (also coined wakefulness or vigilance). Arousal is upon the dependance of a complex system of interacting nuclei regrouped under the name arousal reticular ascending system (ARAS). The main structure of the ARAS is the reticular formation located at the posterior part of the upper brainstem (upper part of the pons and lower part of the midbrain). This structure encompasses several nuclei, whose complex interactions lead to a precise modulation of the activity within thalamo-cortical circuits, giving rise to the different physiological states of arousal: conscious wakefulness and sleep stages (light, deep and REM sleep). This modulation of cortical activity is mediated by two main pathways, either through indirect projections to the thalamus or through direct projections to the basal forebrain and hyothalamus [START_REF] Saper | Hypothalamic regulation of sleep and circadian rhythms[END_REF][START_REF] Brown | General anesthesia, sleep, and coma[END_REF] and Figure 1.2A):

• The thalamic pathway, mainly cholinergic, encompasses the pediculo-pontine nuclei and the dorsolateral tegmentum nuclei.

• The extrathalamic pathway, projecting to the hypothalamus and basal forebrain, encompasses several monoaminergic nuclei, such as the noradrenergic locus coeruleus, the serotoninergic dorsal and median raphe nuclei, the dopaminergic ventral tegmental area and a glutamatergic nuclei, the parabrachial nuclei. The latter has been particularly involved in promoting wakefulness recently [START_REF] Fuller | Reassessment of the structural basis of the ascending arousal system[END_REF][START_REF] Qiu | Stimulation of the Pontine Parabrachial Nucleus Promotes Wakefulness via Extra-thalamic Forebrain Circuit Nodes[END_REF]. Hypothalamic projections particularly participate in the regulation of autonomic function and sleep-wake cycle.

Starting from the experiments ran in cats by Moruzzi and Magoun in 1949 [START_REF] Moruzzi | Brain stem reticular formation and activation of the EEG[END_REF], the respective contributions of all these nuclei have extensively been studied in animals through lesional and stimulation experiments [START_REF] Fuller | Reassessment of the structural basis of the ascending arousal system[END_REF][START_REF] Qiu | Stimulation of the Pontine Parabrachial Nucleus Promotes Wakefulness via Extra-thalamic Forebrain Circuit Nodes[END_REF][START_REF] Kroeger | Cholinergic, Glutamatergic, and GABAergic Neurons of the Pedunculopontine Tegmental Nucleus Have Distinct Effects on Sleep/Wake Behavior in Mice[END_REF][START_REF] Gao | Activating an anterior nucleus gigantocellularis subpopulation triggers emergence from pharmacologically-induced coma in rodents[END_REF]. The observation of coma-causing lesions in MRI and histopatho- logical studies allowed to largely extend this knowledge to humans, by displaying a very similar 

Diversity of unconscious processing

A. Subcortical processing

If arousal is necessary for consciousness, its mere preservation is not sufficient to be conscious. The VS/UWS state, in which no signs of awareness can be observed despite eye-opening and somewhat preserved sleep-wake cycle, is a perfect illustration of this fact. Such necessary but insufficient conditions have been called the background conditions. In perceptual awareness, the thalamo-cortical processing of information is also a background condition. Indeed, it is clear that many stimuli can be coded unconsciously without reaching awareness. The blindsight phe-CHAPTER 1. INTRODUCTION nomenon for instance, can be observed in patients with primary visual cortex lesions leading to a scotoma. When stimuli are presented at the scotoma location, blindsight patients are unable to report them, yet, they can perform better than chance on visual or visuomotor force-choiced tasks involving these stimuli [START_REF] Poppel | Leter: Residual visual function after brain wounds involving the central visual pathways in man[END_REF][START_REF] Sanders | BLINDSIGHT": VISION IN A FIELD DEFECT[END_REF]. This indicates that visual perception can happen unconsciously to a certain extent. This possibility has since been extended to normal healthy subjects using subliminal presentation with masking paradigms. Interestingly, this blindsight phenomenon is not restricted to basic features of visual stimuli, but has also been demonstrated for affective features such as emotional face expression recognition [START_REF] Weiskrantz | Conditioning in amnesic patients[END_REF][START_REF] Whalen | Masked Presentations of Emotional Facial Expressions Modulate Amygdala Activity without Explicit Knowledge[END_REF][START_REF] Morris | A subcortical pathway to the right amygdala mediating "unseen" fear[END_REF]. This unconscious processing of visual information has been linked to a subcortical colliculo-thalamo-amygdala pathway, emphasizing by contrast the role of the cortex in awareness.

B. Unconscious cortical processing

However, not all parts of the cortex contribute to consciousness. Staying in the field of visual awareness, this fact is illustrated by the different functions of the two parallel streams subserving visual processing [START_REF] Ungerleider | Two cortical visual system[END_REF]; [START_REF] Goodale | Separate visual pathways for perception and action[END_REF]. After reaching the V1 area in the primary visual cortex, visual stimuli are processed both by a dorsal occipito-parietal pathway and a ventral occipito-temporal pathway. While the latter, the 'what' pathway is involved in object identification, with neurons representing information from low-level to abstract features, the former, the 'how' pathway, is mainly allocated to visuomotor tasks that can be performed in the absence of awareness. Indeed, while patients with lesions selectively impairing the ventral pathway suffer from visual form agnosia, that is the inability to consciously recognize or identify objects, they are able to accurately perform visuomotor tasks requiring complex real-time control of action [START_REF] Goodale | A neurological dissociation between perceiving objects and grasping them[END_REF]. The reverse dissociation has also been observed in patients with selective impairment of the dorsal pathway [START_REF] Pisella | An 'automatic pilot' for the hand in human posterior parietal cortex: Toward reinterpreting optic ataxia[END_REF]. Again, these findings were extended to healthy subjects by showing a dissociation between perceptual judgement and visuomotor response in evaluating circle sizes in the Ebbinghaus illusion [START_REF] Aglioti | Size-contrast illusions deceive the eye but not the hand[END_REF].
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Going even further, masking paradigms combined with priming (investigation of the influence of a first stimulus on a subsequent stimulus and specifically here the potential influence of a subliminal stimulus on a target stimulus), have suggested that unconscious processing can cover a vast range of cognitive processes, not just restricted to early perceptual levels. For instance, visually presented words can be processed unconsciously from basic physical parameters [START_REF] Frost | Morphological priming: Dissociation of phonological, semantic, and morphological factors[END_REF]; [START_REF] Giraudo | Priming complex words: Evidence for supralexical representation of morphology[END_REF], up to more abstract and complex levels such as orthographic (Kouider et al., 2007), semantic ( (Naccache et al., 2005a;[START_REF] Gaillard | Nonconscious semantic processing of emotional words modulates conscious access[END_REF]. In addition, several other higher-level cognitive processes such as arithmetic [START_REF] Sklar | Reading and doing arithmetic nonconsciously[END_REF], motor response [START_REF] Leuthold | Mechanisms of Priming by Masked Stimuli: Inferences From Event-Related Brain Potentials[END_REF], motivation [START_REF] Pessiglione | How the Brain Translates Money into Force: A Neuroimaging Study of Subliminal Motivation[END_REF], cognitive control (inhibitory control [START_REF] Kunde | Conscious control over the content of unconscious cognition[END_REF][START_REF] Van Gaal | Frontal Cortex Mediates Unconsciously Triggered Inhibitory Control[END_REF][START_REF] Van Gaal | Unconscious activation of the prefrontal no-go network[END_REF], error detection [START_REF] Charles | Distinct brain mechanisms for conscious versus subliminal error detection[END_REF] and task switching [START_REF] Lau | Unconscious activation of the cognitive control system in the human prefrontal cortex[END_REF]) can be influenced by subliminal stimuli. All in all, these findings demonstrate that many cortical modules can process information unconsciously. However, these unconscious mental representations are typically short-lived and unable to exercise lasting and flexible modification in executive control such as engaging in strategic intentional behavior (de Lange et al., 2011).

A fronto-parietal network subserving conscious access

So far, we have seen that the mere processing of information by the cortex is not sufficient for this information to be perceived consciously. Contrasting visible and invisible stimuli during neuroimaging studies have showed that consciousness correlates with the coordinated activity of highly distributed cortical networks. Numerous functional magnetic resonance imaging (fMRI) studies using this contrastive approach have consistently pointed out the role of inferior parietal, cingulate and prefrontal associative cortices activations (Rees et al., 2002;[START_REF] Carmel | Conscious awareness of flicker in humans involves frontal and parietal cortex[END_REF][START_REF] Rees | Neural correlates of the contents of visual awareness in humans[END_REF], for instance in seen vs. unseen words (Dehaene et al., 2001;Lau and Passingham, 2006; Kouider et al., 2007), detected vs. undetected sounds [START_REF] Sadaghiani | Distributed and Antagonistic Contributions of Ongoing Activity Fluctuations to Auditory Stimulus Detection[END_REF], perceived CHAPTER 1. INTRODUCTION vs. unperceived tactile stimuli [START_REF] Boly | Baseline brain activity fluctuations predict somatosensory perception in humans[END_REF] or inhibitory control following visible vs. invisible cues (van Gaal et al., 2010) (see Figure 1.3A and Hesselmann 2013 for a review). Electrophysiological recordings allowing a more fine-grained temporal assessment of these activations (with either EEG, magnetoencephalography -MEG-, or intracranial recordings), identified a late non-linear ('all-or-none') dynamical pattern characteristic of conscious processing (Sergent et al., 2005;[START_REF] Salti | Distinct cortical codes and temporal dynamics for conscious and unconscious percepts[END_REF]. While the early processing stage of conscious and non-conscious stimuli is relatively similar and mainly corresponds to the activation of primary and secondary sensory areas (occipital cortex for visual stimuli, auditory cortex for auditory stimuli), with a linear correlation of activity intensity with stimulus strength [START_REF] Tagliabue | Early Local Activity in Temporal Areas Reflects Graded Content of Visual Perception[END_REF], only the consciously perceived stimuli trigger a late ignition with the widespread activation of higher-order cortices together with the amplification of activity within first-order sensory cortices (Del Cul et al., 2007;Gaillard et al., 2009;[START_REF] Sekar | Cortical response tracking the conscious experience of threshold duration visual stimuli indicates visual perception is all or none[END_REF][START_REF] Sekar | Evidence for an all-or-none perceptual response: Single-trial analyses of magnetoencephalography signals indicate an abrupt transition between visual perception and its absence[END_REF][START_REF] Li | Spatiotemporal Dissociation of Brain Activity Underlying Subjective Awareness, Objective Performance and Confidence[END_REF].

For instance, using a visual backward masking paradigm, in which a first target number is presented and followed by a mask with different target-mask time intervals (stimulus onset asynchrony -SOA), Del Cul et al. (2007) showed that the visibility of the target followed a non-linear function of the SOA (Figure 1.4A & B). This non-linearity was explained by a two-stage cortical activation. In the first phase, corresponding to the first 300 ms, the target elicited an activity progressing from the occipital lobe to the ventral and parietal lobes, with an intensity roughly linear to the SOA. In the second phase however, starting from 300 ms, a surge of widespread activation encompassing the ventral prefrontal cortex and the reactivation of all the previously active posterior sites was observed, with an intensity following a sigmoid profile as a function of SOA (Figure Interestingly, and as expected from a potential NCC, the activity within this widespread frontoparietal network is consistently disrupted across different states of unconsciousness (Figure [START_REF] Koch | Attention and consciousness: Two distinct brain processes[END_REF] or expectation [START_REF] Melloni | Expectations Change the Signatures and Timing of Electrophysiological Correlates of Perceptual Awareness[END_REF][START_REF] Meijs | Exploring the role of expectations and stimulus relevance on stimulus-specific neural representations and conscious report[END_REF]. In this view, the P300 would reflect these processes rather than awareness, as it can be modulated by the manipulation of attention or task-relevance [START_REF] Koivisto | Independence of Visual Awareness from the Scope of Attention: An Electrophysiological Study[END_REF][START_REF] Pitts | Gamma band activity and the P3 reflect post-perceptual processes, not visual awareness[END_REF]. Recently, some authors proposed so-called no-reports paradigms in order to selectively isolate activity triggered by conscious perception alone (Tsuchiya et al., 2015). For instance, Beyond lesion analysis, the use of electromagnetic stimulation to interfere with a specific brain region provides a unique opportunity to study the causal role this region. Stimulation can either block the conscious access or elicit the conscious percept, even in the absence of stimuli. For instance, electrical cortical stimulation performed during awake surgery yielded that conscious motor intention stems from the inferior parietal lobule [START_REF] Desmurget | Movement Intention After Parietal Cortex Stimulation in Humans[END_REF], confirming previous results obtained from the observation of brain-lesioned patients regarding the role of the the angular gyrus in motor awareness [START_REF] Sirigu | Altered awareness of voluntary action after damage to the parietal cortex[END_REF]. The same technique identified the aforementioned superior longitudinal fasciculus as a parieto-frontal pathway crucial to spatial awareness (de Schotten, 2005). Similarly, stimulation of face-selective regions of the right fusiform gyrus through implanted intracranial electrodes elicited face-related perceptual changes such as face metamorphosis [START_REF] Parvizi | Electrical Stimulation of Human Fusiform Face-Selective Regions Distorts Face Perception[END_REF][START_REF] Rangarajan | Electrical Stimulation of the Left and Right Human Fusiform Gyrus Causes Different Effects in Conscious Face Perception[END_REF]. As for the role of the prefrontal cortex, bilateral theta-burst transcranial magnetic stimulation of dorsolateral prefrontal cortices selectively impaired metacognitive visual awareness [START_REF] Rounis | Theta-burst transcranial magnetic stimulation to the prefrontal cortex impairs metacognitive visual awareness[END_REF]. Similar results were obtain through transcranial magnetic stimulation of frontal eye-field. Transcranial magnetic stimulation (TMS) pulses either facilitated the detectability of near-threshold stimuli when delivered prior to the presentation [START_REF] Chanes | Manipulation of pre-target activity on the right frontal eye field enhances conscious visual perception in humans[END_REF] or were able to modulate stimulus detection in a frequency-specific manner (Chanes et al., 2013). More anecdotally, a recent case report found that loss of consciousness could be induced by the electrical cortical stimulation of localized regions of the prefrontal cortex convexity [START_REF] Quraishi | Impairment of consciousness induced by bilateral electrical stimulation of the frontal convexity[END_REF].
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While this controversy might in part be rooted in the fact that it appeals to two different aspects of consciousness, namely the conscious access, related to the function of conscious awareness [START_REF] Cohen | Consciousness cannot be separated from function[END_REF], and the less tractable phenomenology of consciousness, the question of the role of the prefrontal cortex is still fundamental and is a prominent feature of some theoretical works. Indeed, several theories have been proposed to account for the properties associated with conscious access: unconscious early processing of information followed by ignition of a distributed and sustained activity within fronto-parietal networks. An extensive presentation of the theoretical work on consciousness is clearly out of the scope of this thesis and we will only provide a brief presentation of the Global Neuronal Workspace (GNW) theory, as it was the basis of two of our PhD projects.

Global neuronal workspace (GNW) theory

This model, initially proposed by Bernard Baars [START_REF] Baars | A Cognitive Theory of Consciousness[END_REF][START_REF] Baars | The conscious access hypothesis: Origins and recent evidence[END_REF] At this point, we would like to emphazise two predictions of this theory relevant to this work.

First, as we just mentioned it, the decisive role of the prefrontal cortex in conscious access. Second, the equally crucial role of long-distance prefronto-parietal communication. In the experimental work, we will tackle these two questions, using transcranial electrical stimulation. Let's finally cite other frequently used scales in this population which serve different purposes:

• Pain assessment: The Nociception Coma Scale [START_REF] Schnakers | The Nociception Coma Scale: A new tool to assess nociception in disorders of consciousness[END_REF] and its revised version [START_REF] Chatelle | A sensitive scale to assess nociceptive pain in patients with disorders of consciousness[END_REF] which assess the nociception and pain perception according to facial expression and motor and verbal response to noxious stimuli.

• Confusion assessment: The Confusion Assessment Protocol [START_REF] Sherer | Multidimensional Assessment of Acute Confusion After Traumatic Brain Injury[END_REF] which is used to assess the post-traumatic confusional state, corresponding to patients who emerged from MCS.

• Outcome assessment: The Glasgow Outcome Scale Extended [START_REF] Wilson | Structured interviews for the Glasgow Outcome Scale and the extended Glasgow Outcome Scale: Guidelines for their use[END_REF] and Disability Rating Scale [START_REF] Rappaport | Disability rating scale for severe head trauma: Coma to community[END_REF] among others, which are designed to evaluate the functional outcome of patients following brain injuries.

Limits of behavioral examination

Notwithstanding the utter interest of the CRS-R, one should note that it has a few limitations.

The first is that together with the precise administration guidelines, comes the need to be trained in the assessment of the scale. Indeed, the reliability of inter-rater agreement is positively affected by the raters level of experience [START_REF] Løvstad | Reliability and Diagnostic Characteristics of the JFK Coma Recovery Scale-Revised: Exploring the Influence of Rater's Level of Experience[END_REF] and it is not rare to observe strange ratings from non-expert raters. Regarding that matter, it should be stressed that much has been done to improve physicians' training (educational videos, training certificates, publications of impossible and improbable score [START_REF] Chatelle | Detection and Interpretation of Impossible and Improbable Coma Recovery Scale-Revised Scores[END_REF]), but the scale is still underused, especially in acute settings.

The other limit of the scale is the time it takes for a complete assessment. It usually lasts around 30 to 45 minutes, even in experts hands. An analysis of the frequency of observed CRS-R items, showed that the restriction to the five most prevalent, namely the visual fixation, visual pursuit, reproducible movement to command, automatic motor reaction and localisation to noxious stimuli, allowed to detect 99% of MCS patients [START_REF] Wannez | Prevalence of coma-recovery scale-revised signs of consciousness in patients in minimally conscious state[END_REF]. A shorter version of the scale, the SECONDs (which stands for Simplified Evaluation of CONsciousness Disorders), based on those five items is currently being developed.

The third limit is not as much a limit of the scale itself as a characteristic of DoC patients, the considerable fluctuation of their level of consciousness. CRS-R score can substantially vary in a short period of time and a single CRS-R can fail to capture the patient's best abilities [START_REF] Candelieri | Visual pursuit: Within-day variability in the severe disorder of consciousness[END_REF]. These fluctuations, which are mainly observed in MCS patients, are thought to reflect temporal fluctuations of arousal (Bekinschtein et al., 2009a;[START_REF] Piarulli | EEG ultradian rhythmicity differences in disorders of consciousness during wakefulness[END_REF]. Accordingly, it has recently been shown that a single assessment can be responsible for up to 34% of false negatives and that the optimal number of CRS-R per patients should be 5 assessments over a short but undetermined period of time (Wannez et al., 2017a). Of course, the issues of time and expertise previously mentioned are even more salient in light of these findings. Lastly, some are cautious about the signification of MCS behaviors, such as the visual fixation [START_REF] Overbeek | Are visual functions diagnostic signs of the minimally conscious state? an integrative review[END_REF], and question wether it could only reflect automatic subcortical processing rather than a definite sign of awareness (Multi-Society Task Force on PVS, 1994). Even though it could still be mediated by the cortex, visual fixation could also result from an automatic orientation of attention towards a salient stimuli in the absence of awareness, as it can be observed in patients suffering from blindsight or visual agnosia [START_REF] Ro | Extrageniculate mediation of unconscious vision in transcranial magnetic stimulation-induced blindsight[END_REF][START_REF] Kentridge | Attended but unseen: Visual attention is not sufficient for visual awareness[END_REF]. This view was reinforced by the similar pattern of markedly reduced fronto-parietal metabolism exhibited by both MCS with fixation only and typical VS/UWS patients (Bruno et al., 2010). This debate around fixation could be extended to other CRS-R signs such as orientation to noxious stimuli or localisation to sound for instance. More generally, this discussion relates to the major difficulty to distinguish volitional from reflexive behaviors in DoC (Fischer and Truog, 2015). This heterogeneity of MCS behaviors has led some authors to propose a dichotomy of MCS diagnosis in MCS-and MCS+ according to the preservation of language-related functions (Bruno et al., 2012), with the implicit idea that the latter would be more conscious than the former. Adding to the confusion is the fact that patients can suffer from cognitive and/or sensory motor impairments and their behavioral unresponsivness might not reflect unsconsciousness [START_REF] Sanders | Unresponsiveness = Unconsciousness[END_REF].

Therefore it seems as likely to miss a genuine contingent reaction adapted to the environment as to falsely attribute conscious content to a reflexive behavior. In light of these limitations, advanced neuroimaging techniques have been proposed to study ongoing brain activity and to identify residual cognitive abilities in DoC patients. Crucially, these tools can help us refine our understanding In addition to structural imaging, three distinct paradigms are schematically used to record brain activity in DoC patients: resting-state, passive and active paradigms. The first is the easiest, since it only consists in recording the brain activity of patients at rest, without neither external stimulation nor any instructions. In the second type of paradigms, namely the passive paradigms, brain activity is recorded during the passive delivery of an external sensory stimuli, such as visual presentation of images, or passive listening to auditory stimuli. This kind of paradigms is often used to elicit relative activations in brain regions involved in the stimulus processing. In turn, the observation of such activations in brain-injured patients index the residual functional capacity of the patients in different cognitive domain. The last type of paradigm, the so-called active paradigm, regroups experiments during which the patient is instructed to perform a task (with or without external stimulation). Changes in cerebral activity elicited by the task (compared to the appropriate control condition) are usually considered as proxies of task realisation by the patients.

Differences between the three types of paradigms are important with respect to the inferences that can be drawn from the observed results. Resting-state paradigms are doomed to only reflect associations between patients behavior and ongoing brain activity. The case of passive paradigms is more complex and the interpretation of activations in higher-order cortical regions in terms of cognition and awareness is controversial [START_REF] Schiff | Cortical function in the persistent vegetative state[END_REF][START_REF] Menon | Response from Menon, Owen and Pickard[END_REF]. This is especially true in the field of consciousness research in which we know that many cognitive processes can occur unconsciously as we discussed previously. As for the active paradigms, their interpretation seems more straightforward, except that the mere observation of same activation maps in brain-injured patients and healthy controls does not constitute definitive evidence of a complete identity between the two underlying cognitive processes. Furthermore, the distinction between passive and active paradigm is not always clear, as some passive paradigms such as the auditory oddball paradigm can be accompanied by instructions. This is why, in DoC, the term active paradigm is usually restricted to 'command following' and 'communication' tasks, which provide less ambiguous stimulus-independent activations and allow to draw direct conclusions on the intentionality and residual awareness of patients.

Magnetic resonance imaging (MRI)

MRI is one of the most used brain imaging technique in both clinical neurology and cognitive neuroscience. Its various sequences allow to investigate the precise anatomy of the brain and to identify focal lesions: gray and white matter using standard T1 and T2 weighted sequences, haemorrhage lesions and micro-bleeds using susceptibility weighted imaging sequences, acute ischemic lesions using diffusion sequences, blood vessels using arterial spin labeling or gadolinium injection or even white matter tracts fibers using diffusion tensor imaging (DTI). In addition to these structural informations, functional MRI (fMRI), relying on the neuro-vascular coupling, allows to unravel regional patterns of brain activation/de-activation and functional communications between brain areas.
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A. Structural imaging

Despite the potential confounding effect of underlying etiologies and time spent in DoC [START_REF] Rousseau | A MRS-MRI-fMRI exploration of the brain. Impact of long-lasting persistent vegetative state[END_REF], voxel-based morphometry in DoC patients showed widespread structural white and gray matter atrophy [START_REF] Guldenmund | Structural brain injury in patients with disorders of consciousness: A voxel-based morphometry study[END_REF]. In opposition to non-traumatic injuries, traumatic injuries seem to be associated with more damage to deep cerebral structures such as brainstem, midbrain and hypothalamus. Indeed, lesions leading to DoC, are quite heterogeneous in their spatial distribution and elementary mechanisms, with diffuse axonal injury in traumatic brain injuries [START_REF] Kinnunen | White matter damage and cognitive impairment after traumatic brain injury[END_REF] and anoxo-ischemic neuronal death following cardiac arrest. While in the former, lesions to the corpus callosum and dorsolateral brainstem portend bad prognosis [START_REF] Kampfl | Prediction of recovery from post-traumatic vegetative state with cerebral magnetic-resonance imaging[END_REF], in the latter, lesions mostly affect cortical structures and basal ganglia, with a clear association with prognosis too [START_REF] Silva | Brain Gray Matter MRI Morphometry for Neuroprognostication After Cardiac Arrest[END_REF]. In spite of these differences, atrophy of the thalamus (and especially of its dorso-medial part) and of the basal ganglia nuclei was found to be a [START_REF] Adams | The neuropathology of the vegetative state after an acute brain insult[END_REF][START_REF] Maxwell | Differential responses in three thalamic nuclei in moderately disabled, severely disabled and vegetative patients after blunt head injury[END_REF]. However, atrophy seems to be largely shared among VS/UWS and MCS patients and most of the studies could not robustly diagnose MCS from VS/UWS solely on this basis, although a recent study suggested that it was possible using an automated classification based on brain volumetry in 158 gray and white matter regions [START_REF] Annen | Regional brain volumetry and brain function in severely brain-injured patients: Regional Brain Volumetry and Function in DOC[END_REF].

A more precise assessment of structural abnormalities following brain injury can be achieved through DTI, a technique based on the assessment of the directionality of water molecules diffusion along axons. DTI permits a precise quantification of gray and white matter integrity and is especially valuable for the study of long white matter tracts. 

B. Functional connectivity

Functional MRI (fMRI), first described by Belliveau in 1991 [START_REF] Belliveau | Functional mapping of the human visual cortex by magnetic resonance imaging[END_REF]) is a techniques assessing brain activity by detecting changes in the relative levels of oxyhemoglobin and deoxyhemoglobin, owing to their differential magnetic susceptibility. The obtained signal, called BOLD for Blood Oxygen Level Dependent contrast, thus provides an indirect measure of neuronal activity, through low-frequency changes of C02 and 02 partial pressures reflecting neuro-vascular coupling. While these low-frequency hemodynamic changes were first observed during tasks and were interpreted as relative activation of de-activation of brain regions due to the task, BOLD activity can also be measured at rest. In this context, the spontaneous synchronous fluctuations observed are related to the various so-called resting-state networks. In healthy subjects, resting-state fMRI consistently identified several of these networks, namely, the default-mode network (DMN), the right and left executive control networks, the auditory network, the salience network, the sensorimotor network, the cerebellum network and three visual networks (lateral, medial and occipital) In all the previous studies, resting-state connectivity was assessed according to the classical averaging of the BOLD signal over several minutes, thus potentially masking the underlying dynamic of this activity. A first study in primates unraveled these dynamical changes and showed VS/UWS were characterised by an anesthesia-like pattern of poor repertoire of resting-dynamic configurations, close to the underlying anatomy, while MCS exhibited an in-between pattern of brain dynamics. Crucially, VS/UWS patients showing covert consciousness had a richer dynamic than the other VS/UWS patients. In another work, these anticorrelations were found to be absent in comatose and DoC patients in the acute phase of traumatic brain injury, and were restored at 6 months when patients recovered [START_REF] Threlkeld | Functional networks reemerge during recovery of consciousness after acute severe traumatic brain injury[END_REF]. Residual awareness in DoC patients thus seem to be linked to the ability of the brain to generate complex patterns of long-range communication between brain regions with both positive and negative connectivity patterns [START_REF] Di Perri | Towards new methods of diagnosis in disorders of consciousness -Authors' reply[END_REF].

Finally, arterial spin labelling sequence can quantify the regional blood flow. Applied to DoC patients, it has been shown than MCS exhibited lower global cerebral blood flow than controls, more pronounced in prefrontal regions [START_REF] Liu | Arterial spin labeling and altered cerebral blood flow patterns in the minimally conscious state[END_REF] and that MCS had higher cerebral blood flow in putamen, anterior cingulate and medial frontal cortex than VS/UWS [START_REF] Wu | Could arterial spin labeling Distinguish Patients in Minimally conscious state from Patients in Vegetative state[END_REF]). Yet, this techniques remains surprisingly under-developed as compared to the PET (see below), while it could theoretically provide similar metabolic informations. 

C. Active paradigms in fMRI

Taking advantage of the fMRI technique to study the activation of language-related area during passive listening to narratives (as compared with the time-reversed stimuli devoid of linguistic content), [START_REF] Schiff | Residual cerebral activity and behavioural fragments can remain in the persistently vegetative brain[END_REF][START_REF] Schiff | fMRI reveals large-scale network activation in minimally conscious patients[END_REF] showed that some VS/UWS and MCS patients could retain activations in widespread cortical systems, indicating potential residual cognitive function despite absent behavioral evidence of language expression and comprehension. Similar results were obtained with other speech-related tasks [START_REF] Owen | Residual auditory function in persistent vegetative state: A combined pet and fmri study[END_REF][START_REF] Coleman | Towards the routine use of brain imaging to aid the clinical diagnosis of disorders of consciousness[END_REF] or passive listening to music [START_REF] Okumura | Brain activation by music in patients in a vegetative or minimally conscious state following diffuse brain injury[END_REF]. However, these tasks elicit activations which are not stimulusindependent and as we've seen, they cannot serve as a proof of stimulus awareness.

A real breakthrough happened in 2006, with the study of Owen et al. (2006), in which the authors probed the active maintenance in working memory of two different cognitive tasks, a mental imagery task and a spatial navigation task, in a VS/UWS patient. The two tasks elicited clearly distinguishable map of sustained activations (> 30 s), as in control healthy subjects, providing the first evidence of potential covert awareness in some VS/UWS patients. A follow-up study using the same paradigm in 54 DoC patients, found 5 patients exhibiting regional activations suggestive of a wilful modulation of their brain activity. Two of those 5 patients were considered in a VS/UWS according to standard behavioral methods. In one MCS patient, this wilful modulation of brain activity could be the basis of a simple communication code (Monti et al., 2010b). Afterwards, communication with unresponsive patients could also be restored through a selective attention paradigm [START_REF] Naci | Making Every Word Count for Nonresponsive Patients[END_REF].

One of the challenge in these active paradigm studies is the correct identification of brain responses to the task in subjects with abnormal anatomy. [START_REF] Bardin | Dissociations between behavioural and functional magnetic resonance imaging-based evaluations of cognitive function after brain injury[END_REF] showed that response patterns could be highly variable between patients and fail to identify clinically responsive patients. They thus proposed multivariate pattern analysis for task activation recognition [START_REF] Bardin | Pattern classification of volitional functional magnetic resonance imaging responses in patients with severe brain injury[END_REF] in order to optimize the use of fRMI active paradigm in restoring communication with patients.
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As we've shown, structural MRI and fMRI studies proved to be very fruitful in DoC patients and will hopefully continue to develop in the upcoming years in order to be available in routine clinical practice. However, their current accessibility is poor and fMRI scanning can be challenging in DoC patients [START_REF] Boly | Measuring the fading consciousness in the human brain[END_REF], especially in the acute setting. Other brain imaging techniques such as PET and especially EEG could be superior to MRI with respect to those issues.

Positron Emission Tomography (PET)

As for the MRI, the PET provides functional information with an interesting spatial resolution. While the time resolution of the technique is poor, it is well-suited to study more static processes such as the differences between VS/UWS and MCS. The variety of potential radiotracers also provide the ability to target different metabolic pathways. The most common, the 18Ffluorodeoxyglucose (FDG) allows the visualisation of regional glucose uptake at the whole-brain level, which is approximately proportional to the rate of synaptic firing [START_REF] Shulman | Baseline brain energy supports the state of consciousness[END_REF].

A. Resting-state PET metabolism

The first attempt to measure brain metabolism in DoC patients dates back to 1987, where the extra-cerebral cephalic brain tissue (skin and skull) according to a control distribution, yielded the best diagnostic performances to date for MCS diagnosis. However, both of these studies were conducted in the same center and despite a separate validation cohort in the 2016 paper, the generalisation of this method is still to be proven. 

B. PET passive paradigms

As in fMRI, passive paradigms have also been used with PET, and in fact, the first reports of low level cortical activation in VS/UWS patients come from PET studies. First de Jong et al.

( using metrics coming from graph-theory analysis of brain networks [START_REF] Chennu | Spectral Signatures of Reorganised Brain Networks in Disorders of Consciousness[END_REF]. Not only these metrics can distinguish different states of consciousness with good accuracy, but they also inform us about the underlying physiology of consciousness disorders. In this respect, they fit nicely with the GNW theory, as the potential neurophysiological substrate of the long-distance communication between modular brain networks needed for the global broadcasting of information.

) 1997 
Another frequent assumption common to various theoretical frameworks, specifically the relation between consciousness and the signal complexity, is also supported by the quantitative analysis of EEG from DoC patients. Indeed, quantification of information complexity such as entropy revealed a drop of information processing complexity t, more pronounced in VS/UWS than in MCS [START_REF] Gosseries | Automated EEG entropy measurements in coma, vegetative state/unresponsive wakefulness syndrome and minimally conscious state[END_REF][START_REF] Thul | EEG entropy measures indicate decrease of cortical information processing in Disorders of Consciousness[END_REF]. The complexity of EEG dynamic is also impacted in DoC patients, with a poorer repertoire of EEG micro-states [START_REF] Stefan | Consciousness Indexing and Outcome Prediction with Resting-State EEG in Severe Disorders of Consciousness[END_REF], along with a the preeminence of delta and theta rhythmic micro-states at the expense of alpha-rhythmic micro-states compared to healthy controls [START_REF] Fingelkurts | EEG oscillatory states as neuro-phenomenology of consciousness as revealed from patients in vegetative and minimally conscious states[END_REF].
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A significant increase in single patient diagnostic accuracy has been achieved by combining the quantification of several EEG-derived features with machine learning classification algorithms. In a pioneering work from 2014, Sitt et al. (2014) extracted several theory-derived markers from highdensity EEG of 113 DoC patients and used them to predict clinical diagnosis via a support vector machine algorithm (Figure 1.9A). They first validated individual markers such as low-frequency power, EEG complexity and information sharing as reliable signatures of consciousness. They further showed that the combination of these markers provided synergic informations allowing to accurately classify patients's state of consciousness, with an AUC of 78%. Most importantly, among the clinically VS/UWS, patients with richer brain activity had a higher probability to recover consciousness in the following weeks. This last result indicates that EEG conveys relevant information about the patient current level of consciousness and potential outcome, which is independent from the behavior. These results were subsequently replicated using other brain networks metrics and extended to the prediction of brain metabolism assessed by PET (Chennu et al., 2017) and to the prediction of consciousness at the acute state in the intensive care unit [START_REF] Claassen | Bedside quantitative EEG improves assessment of consciousness in comatose subarachnoid hemorrhage patients[END_REF].

One of the critical requirement for the interest of any diagnostic procedure, is its robustness and generalisability across different sites and settings, together with its availability to clinicians. 

B. Event-related potentials

In addition to the investigation of the brain activity at rest, one can study the electrophysiological responses evoked by external (or more rarely internal) stimuli, the so-called event-related potentials (ERPs). The general principle of ERPs is the time-domain averaging of EEG signal, which allows to extract different waveforms corresponding to the activity of neuronal populations time-locked to the stimulus with a high temporal precision and accuracy [START_REF] Cohen | Analyzing Neural Time Series Data[END_REF]. In addition to their simplicity, ERPs benefit from a large cognitive neuroscience literature covering the various components elicited by stimulation in different modalities (visual, auditory, somatosensory,...) and providing meaningful insight on the underlying capacity of the brain to process information.

a. Short-Latency ERPs

Short-latency ERPs explore the short-term responses to sensory stimulation, that is in the first few tens of milliseconds after the stimulus. Whether auditory (Brainstem Auditory Evoked Potentials and Middle-Latency Auditory Evoked Potentials), somatosensory (Somatosensory Evoked Potentials) or visual (Visual Evoked Potentials), these short-latency ERPs investigate sensory pathways from the peripheral nerve, through the brainstem and thalami, to the primary cortices [START_REF] Garcia-Larrea | The combined monitoring of brain stem auditory evoked potentials and intracranial pressure in coma. A study of 57 patients[END_REF][START_REF] Litscher | Middle latency auditory evoked potentials in intensive care patients and normal controls[END_REF]. Their bilateral abolition while early brainstem responses are still present is generally associated with a bad outcome as it indicates severe damage to structures commonly robust to aggression. This is especially true in post-anoxic encephalopathy, in which somatosensory evoked potentials play an important role in current neuro-prognostication algorithms [START_REF] Sandroni | Prognostication in comatose survivors of cardiac arrest: An advisory statement from the European Resuscitation Council and the European Society of Intensive Care Medicine[END_REF]. Indeed, the bilateral abolition of the N20 response has one of the highest positive predictive value for a bad outcome [START_REF] Logi | The prognostic value of evoked responses from primary somatosensory and auditory cortex in comatose patients[END_REF].

b. Regular oddball paradigm

However, these early potentials do not provide any information regarding higher-order brain areas and underlying cognition. In order to target those brain functions, one has to focus on later ERPs components and/or ERPs elicited by paradigms more complex than a mere repetition of the 1.2. STATE OF THE ART OF DOC PHYSIOLOGY AND DIAGNOSIS same stimulus. These so-called cognitive ERPs thus enable to probe various cognitive functions such as language, attention, memory, prediction of error and so on.

One of the most famous cognitive ERPs paradigm is the oddball paradigm (Figure 1.10B), in which at least two different stimuli are presented to subjects, with unbalanced proportions so that one stimuli is more frequent than the other, thus probing the ability of the brain to detect novelty (Squires et al., 1975). Specific responses to oddball paradigms can be roughly dichotomised in two consecutive components. The first is an anterior negativity arising approximately 100-140 ms after the infrequent (or deviant) stimulus, called the mismatch negativity (MMN) (Näätänen et al., 2007(Näätänen et al., , 1978)). This component which can be detected even for unattended stimuli, is thought to reflect an automatic, pre-attentive detection of stimulus deviance [START_REF] Friedman | The novelty P3: An event-related brain potential (ERP) sign of the brain's evaluation of novelty[END_REF][START_REF] Garrido | The mismatch negativity: A review of underlying mechanisms[END_REF] originating mainly from the auditory cortex (El Karoui et al., 2015) but also from some regions in the inferior and medial prefrontal cortex [START_REF] Molholm | The Neural Circuitry of Pre-attentive Auditory Change-detection: An fMRI Study of Pitch and Duration Mismatch Negativity generators[END_REF][START_REF] Deouell | The frontal generator of the mismatch negativity revisited[END_REF]. As such, it is not surprising that MMN has been reported in both MCS and VS/UWS patients and can even be elicited in comatose (Fischer et al., 1999) or anaesthetised patients [START_REF] Azabou | Mismatch negativity to predict subsequent awakening in deeply sedated critically ill patients[END_REF].

Despite the absence of link with awareness, the presence of a MMN has been repeatedly associated with awakening from coma (Fischer et al., 1999;[START_REF] Kane | Coma outcome prediction using event-related potentials: P(3) and mismatch negativity[END_REF]Naccache et al., 2005b). The second component elicited by an oddball paradigm is the novelty P300, a complex starting from approximately 300 ms which is in fact composed of two overlapping components, the P3a and the P3b (Frodl-Bauch et al., 1999; [START_REF] Comerchero | P3a and P3b from typical auditory and visual stimuli[END_REF], indexing different cognitive functions related to orientation of attention, contextual updating of working memory, and response resolution. As we have seen in the previous chapter (section 1.1.3, page 14), this P300 complex, and especially its late component, the P3b, has been linked to conscious processing. Indeed, the P3a, which takes the form of fronto-central positivity around 250-300 ms, has been linked with the automatic orientation of attention to novel or salient stimuli independent of task relevance and is generated by prefrontal, frontal, and anterior temporal brain regions [START_REF] Friedman | The novelty P3: An event-related brain potential (ERP) sign of the brain's evaluation of novelty[END_REF][START_REF] Bledowski | Localizing P300 generators in visual target and distractor processing: A combined event-related potential and functional magnetic resonance imaging study[END_REF]. In contrast, the P3b component, typically observed as a late and sustained centro-parietal positivity, is thought to indicate higher-order violation of subject's expectations of a CHAPTER 1. INTRODUCTION given rule and has been closely linked to working memory [START_REF] Donchin | Surprise![END_REF][START_REF] Bledowski | Mental chronometry of working memory retrieval: A combined functional magnetic resonance imaging and event-related potentials approach[END_REF]Polich, 2007) and conscious access (Dehaene et al., 2006;Dehaene and Changeux, 2011). In this framework, the identification of its generators in the posterior temporal, parietal, and posterior cingulate cortices [START_REF] Frodl-Bauch | Neurochemical Substrates and Neuroanatomical Generators of the Event-Related P300[END_REF][START_REF] Bledowski | Localizing P300 generators in visual target and distractor processing: A combined event-related potential and functional magnetic resonance imaging study[END_REF]El Karoui et al., 2015) makes sense.

These ERP components can be successfully identified in DoC patients, with MMN and earlier cortical responses usually preserved across states and later P300 complex mainly observed in MCS patients [START_REF] Kotchoubey | Information processing in severe disorders of consciousness: Vegetative state and minimally conscious state[END_REF]Schnakers et al., 2009a;[START_REF] Fischer | Event-related potentials (MMN and novelty P3) in permanent vegetative or minimally conscious states[END_REF][START_REF] Morlet | MMN and Novelty P3 in Coma and Other Altered States of Consciousness: A Review[END_REF]. In addition, the introduction of more familiar stimuli such as the subject's own name, instead of neutral tones, can improve the sensitivity of novelty P300 detection [START_REF] Perrin | Brain Response to One's Own Name in Vegetative State, Minimally Conscious State, and Locked-in Syndrome[END_REF][START_REF] Schnakers | Voluntary brain processing in disorders of consciousness[END_REF]) and of its prognostic value [START_REF] Fischer | Novelty P3 elicited by the subject's own name in comatose patients[END_REF]. Lastly, sensory modalities other than auditory stimulation have been shown to elicit the same patterns of cognitive ERPs [START_REF] Gibson | Somatosensory attention identifies both overt and covert awareness in disorders of consciousness[END_REF]. However, due to overlapping components reflecting both unconscious and conscious processing, the exact interpretation of a P300 complex in this setting is not straightforward.

c. The local-global paradigm

To disentangle these different components, [START_REF] Bekinschtein | Neural signature of the conscious processing of auditory regularities[END_REF] proposed a new paradigm named the Local-Global paradigm. This paradigm comprises two hierarchical levels of auditory regularities. The first one, the local regularity, is defined within the short-time scale of a few hundreds milliseconds (within series of five consecutive tones), while the second one, the global regularity, is defined over repetitions of series of five tones, that is at a much larger time scale spanning over several seconds (Figure 1.10B). Consequently, recognition of the rule of this second level of regularity requires the active maintenance of information in working memory and thus implies conscious processing. The orthogonal manipulation of these two types of regularities results in either an automatic MMN and P3a response in case of local regularity violation or in a P3b signature of conscious processing in case of violation of the global regularity (see the Methods of section 2.3, page 125 for more details regarding this paradigm). Accordingly, in DoC patients, the P3b signatures was mainly detected in EMCS and MCS patients and in two VS/UWS that later recovered consciousness (Faugeras et al., 2011(Faugeras et al., , 2012)) While in VS/UWS, TMS only elicited a brief and local cortical response, a more prolonged and widespread pattern was observed in MCS. Interestingly, similar responses were observed in LIS patients and increasingly complex patterns concurred with patients recovery. Later on, source space EEG response to TMS has been quantified at the single subject level using a measure of complexity, named the perturbational computational index (PCI), which reflects the joint presence of signal segregation (or differentiation) and signal integration, two fundamental properties of cortical networks required for conscious processing, as we've seen. This index showed a robust distinction of conscious and unconscious states across models (deep sleep, general anesthesia with various drugs, and disorders of consciousness, Casali et al. 2013). Among DoC, the PCI yielded very interesting discrimination performances, identifying MCS patients with a 95% sensitivity and 49% specificity [START_REF] Casarotto | Stratification of unresponsive patients by an independently validated index of brain complexity[END_REF]. The latter was explained by the heterogenous distribution of PCI among VS/UWS: while in most of them PCI levels showed a major to complete reduction of the complexity of information propagation, PCI levels close to those observed in MCS were also noted in some VS/UWS, in accordance with the expected rate of clinically VS/UWS patients exhibiting higherorder cognitive abilities. Spectral and phase analysis of TMS cortical evoked potentials revealed that the limited response observed in most of the VS/UWS was related to sleep-like off-periods that prevent the building-up of more global dynamics [START_REF] Rosanova | Sleep-like cortical OFF-periods disrupt causality and complexity in the brain of unresponsive wakefulness syndrome patients[END_REF].

All in all, TMS-EEG holds much promise owing to its strong theoretical grounding and demonstrated diagnostic accuracy, however, its logistic implementation at bedside is challenging and is not devoid of risk, particularly of epileptic seizures [START_REF] Massimini | A perturbational approach for evaluating the brain's capacity for consciousness[END_REF]. Consequently, TMS-EEG is not yet routinely available for consciousness assessment of DoC patients.

Emerging concepts

From the previous sections, it should be clear that the current nosography of DoC, however useful in the routine care, is no longer sufficient to account for our knowledge of patients potential residual cognitive abilities. This has led to the emergence of new concepts and proposals to refined our classifications, taking into account the mutlti-dimensional nature of todays expert assessments with the incorporation of neuroimaging findings (Monti et New representation of the DoC classification, incorporating the cognitive-motor dissociation (CMD) and the higher-order motor dissociation (HMD). A opposed to classical representation, overt cognition obtained from behavior is distinguished from the covert cognition elicited by brain imaging techniques during restingstate/passive and active paradigms. FN: false negative; TP: true positive; TN: true negative. (adapted from Edlow et al. 2017).

to suffer from a disconnection of fibers connecting the thalamus to the primary motor cortex which could also explain in some patients the dissociation between cognition and external responsiveness [START_REF] Stafford | The neural basis of external responsiveness in prolonged disorders of consciousness[END_REF]. Finally, by extension of the CMD concept, the condition in which patients exhibit cortical responses in higher-order cortex during resting-state or passive paradigm despite the absence of behavioral evidence of language expression or comprehension has been labelled higher-order motor dissociation (HMD) (Figure 1.11). Importantly, a recent meta-analysis estimated that CMD and/or HMD concerned approximatively 15% of VS/UWS patients (Kondziella et al., 2016).
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Cortically-mediated state (CMS)

As we've seen, brain imaging can be use to infer consciousness in a minority of VS/UWS patients. Unfortunately, these techniques fail to identify many MCS patients. While this could be due to technical limitations as we previously discussed, we should also question what this fact could reveal about the residual cognition in MCS patients. Indeed, we may wonder what exactly we can infer about the patient's subjective awareness of himself and/or his environment from the currently used behaviors qualifying for a MCS diagnosis. We have seen that MCS patients, as opposed to VS/UWS, generally exhibit activity in higher-order cortical areas, but we also discussed the limitations of such findings during passive task and insisted on the fact that a wide range of cortical networks can process information unconsciously (see section 1.1.3.2, page 15). Starting from here, the question of whether MCS behaviors reliably index awareness of the environment and/or of the self or whether they reflect admittedly complex yet unconscious behaviors is open.

These reflections prompted Lionel Naccache to reframe the current concept of minimally conscious state as a cortically-mediated state (CMS) (Naccache, 2018a). In his opinion paper, he conducted a careful examination of the underlying anatomy and neurophysiology of MCS items, which highlighted that the only common substrate of these behaviors was that they were necessarily cortically-driven as compared to VS/UWS items which could only be explained in terms of purely reflexive subcortical behaviors. For instance, auditory startle and localization to sounds rely only on subcortical pathways, involving respectively the cochlear nerve, brainstem reticular formation and spinal cord for the former [START_REF] Yeomans | The acoustic startle reflex: Neurons and connections[END_REF] and the olivar complex in the brainstem for the latter. Conversely, smooth visual pursuit involves a widespread cortical network overtaking the mere occipital cortex, and implicating temporal, parietal and frontal regions such as the frontal eye-field [START_REF] Thier | The neural basis of smooth-pursuit eye movements[END_REF]. Similarly, command following imply the contributions of large language-related cortical networks. The CMS framework thus helps understanding the heterogeneity of MCS, as each sub-scale of the CRS-R points towards some potentially preserved cortical networks driving the behavior.
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Crucially, the corollary of this conception is that MCS items does only inform us on the preservation of some cortical networks as the basis of the observed behaviours but without distinguishing those that may require conscious processing from those that do not. Indeed, the CRS-R does not capitalize on this relevant distinction and nurtures the paradox of inferring subjective states in noncommunicating patients in whom subjective reports are not available. Nevertheless, it is very important to stress that this new framework neither discards the fruitful achievement of CRS-R-based approach, nor impoverishes the value of the previously discussed literature, but only interprets it in a more factual, and in my opinion, accurate way. Even more importantly, even if maybe slightly out of the scope of this thesis, this framework does no belittle MCS patients, whose dignity, as for VS/UWS patients, is completely independent of these considerations. However, a possible criticism of this approach is directed towards the reliance on subjective reports as a the criterion used to infer consciousness. Such concern largely overlaps with previous discussions regarding the distinction between access and phenomenal consciousness and the role of the prefrontal cortex (see section 1.1.1.2, page 5 and section 1.1.3.5, page 22), but I would like to stress out that in addition to our previous reply to this criticism, comes another one more specific to patients. Indeed, the possibility to obtain a subjective report, that is an interaction with the patient, whether behaviorally or through neuroimaging techniques opens a whole new world of possibilities for his management, from its involvement in ethical or treatment decisions, participation in rehabilitation programs, to the potential use of brain-computer interfaces in a foreseeable future [START_REF] Naci | Brain-computer interfaces for communication with nonresponsive patients[END_REF][START_REF] Chatelle | Feasibility of an EEG-based brain-computer interface in the intensive care unit[END_REF], as it is already the case in LIS [START_REF] Chaudhary | Brain-Computer Interface-Based Communication in the Completely Locked-In State[END_REF] and other non-communicating patients [START_REF] Milekovic | Stable long-term BCI-enabled communication in ALS and locked-in syndrome using LFP signals[END_REF][START_REF] Chaudhary | Brain-computer interfaces for communication and rehabilitation[END_REF]. This conception is not only meaningful in terms of physiology, but also for the patients and their families. Talking about families, some authors feared that this new terminology could shed more confusion than clarification [START_REF] Bayne | Response to 'Minimally conscious state or cortically mediated state?[END_REF]), but we were able to verify in our clinical practice that it was generally well-understood by patients' relatives and colleagues, contrary to the frequent misunderstandings of the term 'minimally conscious' [START_REF] Kitzinger | A response to Naccache's comment on 'Reporting consciousness in coma[END_REF].

Finally, this conception advocates for more theory-and physiology-informed paradigms for both behavioral and neuroimaging assessment of DoC patients and reconciles both methods by providing a common interpretative framework. In this context, CMD and HMD become easily interpretable as cortically-generated activity prompted by external stimuli, with the additional evidence of its volitional nature in the former. This conception also shines light on the long-time debated place of the visual fixation as an MCS item. While fixation may sometimes indeed reflect a cortically-mediated or even intentional behavior, it is also possible to observe purely subcortical fixation through the superior colliculus as illustrated by the case of blindsight patients [START_REF] Ro | Extrageniculate mediation of unconscious vision in transcranial magnetic stimulation-induced blindsight[END_REF], and see the discussion in section 1.1.3.2, page 15). Consequently, only brain imaging techniques could help disambiguate the two possibilities in a given patient. So in addition to the reinterpretation of MCS as CMS, this work is a more general stance towards the unification of behavioral and neuroimaging assessment of DoC patients in light of the physiology of consciousness (Figure 1.12). Provided this, in line with the univocal relation of subjective reports with conscious access, a possible communication through either behavior or neuroimaging tools, as in the paper from Monti et al. (2010b), constitutes a proof of conscious access. Beyond this, it is possible to distinguish two others layers of brain activity that may indicate potential conscious processing. First, brain activity can be considered as a marker of residual awareness in patients if it exemplifies three properties exclusively associated with conscious processing of reportable mental contents (Dehaene and Naccache, 2001): i) active maintenance of mental representations in working memory (note that this property has been challenged recently [START_REF] King | Brain Mechanisms Underlying the Brief Maintenance of Seen and Unseen Sensory Information[END_REF][START_REF] Trübutschek | A theory of working memory without consciousness or sustained activity[END_REF] but still seems to be associated with conscious processing (Trübutschek et al., 2019)); ii) strategical processing; and iii) spontaneous intentional behavior [START_REF] Rohaut | Disentangling conscious from unconscious cognitive processing with eventrelated EEG potentials[END_REF]. One elegant example of this approach has been the demonstration of a possible preservation of trace conditioning in some VS/UWS patients using an eye-blink conditioning paradigm pairing tones with air-puff delivered to the cornea [START_REF] Bekinschtein | Classical conditioning in the vegetative and minimally conscious state[END_REF].

In this scope would fall the wilful modification of brain activity illustrated by EEG and fRMI active paradigms (Owen et al., 2006;Claassen et al., 2019) or the observation of a global effect in the local-global paradigm which presupposes the active maintenance of the regularity rule in working memory over several seconds. Second, by analogy with the physiology of conscious processing in healthy subjects, the observation of late and long-lasting brain activations that mobilize top-down long-distance coherent communication within thalamo-cortical networks, particularly involving bilateral prefrontal, cingulate and parietal areas would also suggest preserved awareness, although to a lesser level of evidence.

Starting from this point, efforts should be deployed to extend the current range of behaviors and neuroimaging paradigms satisfying these conditions rather than just contrasting VS/UWS and MCS populations. In this respect, it was recently suggested that resistance to eye opening could be one of those signs, as its presence in VS/UWS seemed to be associated with atypical and higher metabolism than usually expected in this population (van Ommen et al., 2018). In the very same spirit, we developed a new behavioral sign of MCS or, as we should say now, a new sign of CMS, based on the distinction between the preserved or absent top-down inhibition of the auditory startle response to repeated sounds (see section 2.3, page 125).

Importance of multimodal diagnosis

To sum up, we have seen in this chapter on DoC physiology and diagnosis that expert behavioral assessment and neuroimaging techniques provide relevant and complementary informations on patients' residual awareness and cognitive abilities. This has led to tremendous progresses in our understanding of consciousness disorders and more generally on consciousness physiology and refined our taxonomy of DoC patients. We thus strongly believe that we should resort to expert and multimodal assessment as often as possible.

Indeed, the mere behavioral distinction between VS/UWS and MCS patients carries important prognostic information as shown for the first time in 1994 (Multi-Society Task Force on PVS, [START_REF] Bareham | Longitudinal assessments highlight long-term behavioural recovery in disorders of consciousness[END_REF], even though the prognosis of traumatic injury is generally better that in anoxo-ischaemic encephalopathy [START_REF] Howell | Rehabilitation outcome of anoxic-ischaemic encephalopathy survivors with prolonged disorders of consciousness[END_REF][START_REF] Giacino | Behavioral Recovery and Early Decision-Making in Patients with Prolonged Disturbance in Consciousness after Traumatic Brain Injury[END_REF]. Importantly this fact stays true even when focusing only on the survivors to limit the potential bias induced by self-fulfilling prophecy (Faugeras et al., 2018), the phenomenon by which a belief brings about a desired or expected outcome, regardless of the truth of the belief.

Sadly, situations of uncertainties such as severe brain injuries convey many false beliefs and cognitive biases which can be at odd with the potential true outcome of patients (Rohaut and Claassen, 2018). Reducing this uncertainty is thus of prime interest. In order to achieve that, we already showed that the used of dedicated behavioral and neuroimaging tools is mandatory, because of the high rate of misdiagnosis in the absence of expert assessment [START_REF] Childs | Accuracy of diagnosis of persistent vegetative state[END_REF] Yet it is true that resources aren't unlimited and that substantial technical and ethical challenges remain [START_REF] Rohaut | Uncovering Consciousness in Unresponsive ICU Patients: Technical, Medical and Ethical Considerations[END_REF]. For instance, most of the presented techniques are only available in expert centers and are not easily generalizable. Efforts towards external validation and a wider availability of these techniques are thus essential. For instance, one of the best diagnostic tools, the PET metabolic index (Stender et al., 2016), has never been validated outside Liège. Another key question in that matter, is 'how do the different imaging techniques relates to each other?'. Indeed, we have seen that advanced neuroimaging tools often rely on complex data analyses, which are not always reliable (Bardin et 2015 for controversies). As both false positive and false negative have serious clinical and ethical implications [START_REF] Peterson | Risk, diagnostic error, and the clinical science of consciousness[END_REF], the comparison between different techniques is important.

As there are no gold-standard of the true subjective state of consciousness, an approach based on consilience between multiple independent testing or between different techniques has been proposed (Peterson, 2016). Several authors showed correlations between EEG graph theory metrics and PET metabolism (Chennu et al., 2017) in a placebo-controlled randomized trial design (Giacino et al., 2012). Both VS/UWS and MCS showed a significant recovery improvement during the 4-week treatment period. However, long term effects of Amantadine on the recovery are still uncertain. Indeed, in Giacino's study, functional outcome was evaluated at 4 weeks although the follow-up continued up to 6 weeks, where the control group caught up with the Amantadine group. This could mean that Amantadine just hastened a recovery that would have happenned anyway [START_REF] Schneider | Cognitive and behavioural efficacy of amantadine in acute traumatic brain injury: An initial double-blind placebo-controlled study[END_REF] or that its effect wears off after drug cessation. Moreover, a recent observational study on long-term effects of Amantadine in traumatic brain injury found only limited effects, if any, on long-term cognition [START_REF] Hammond | Amantadine Did Not Positively Impact Cognition in Chronic Traumatic Brain Injury: A Multi-Site, Randomized, Controlled Trial[END_REF]. In spite of these reservations, Amantadine is recommended by the recent guidelines for the treatment of DoC, 4-16 weeks after a traumatic brain injury. In nontraumatic brain injuries, the use of Amantadine is presently limited to case reports or small case series [START_REF] Reynolds | Methylphenidate and amantadine to stimulate reawakening in comatose patients resuscitated from cardiac arrest[END_REF]; Avecillas-Chasín and Barcia, 2014), but with potentially interesting effects both on the behavior and electrophysiological and metabolic measures of brain activity [START_REF] Horiguchi | Effects of long-term amantadine treatment on clinical symptoms and EEG of a patient in a vegetative state[END_REF]Schnakers et al., 2008a;[START_REF] Estraneo | Clinical and electroencephalographic on-off effect of amantadine in chronic non-traumatic minimally conscious state[END_REF].

Other dopaminergic agents have also been tested such as levodopa [START_REF] Matsuda | Awakenings from persistent vegetative state: Report of three cases with parkinsonism and brain stem lesions on MRI[END_REF] [START_REF] Fridman | Fast awakening from minimally conscious state with apomorphine[END_REF][START_REF] Fridman | Continuous subcutaneous apomorphine for severe disorders of consciousness after traumatic brain injury[END_REF]. These treatments, and especially levodopa, would be most effective in case of DoC with signs of parkinsonism and MRI lesions in dopaminergic pathways [START_REF] Matsuda | Levodopa treatment for patients in persistent vegetative or minimally conscious states[END_REF]. As for methylphenidate, another psychostimulant drug acting on dopaminergic pathways, despite improvement of attention in milder form of traumatic brain injuries [START_REF] Willmott | Efficacy of methylphenidate in the rehabilitation of attention following traumatic brain injury: A randomised, crossover, double blind, placebo controlled inpatient trial[END_REF]) and a promising increase of glucose uptake in postero-medial regions encompassing the precuneus and posterior cingulate following administration in DoC patients [START_REF] Kim | Effects of Methylphenidate on Cerebral Glucose Metabolism in Patients With Impaired Consciousness After Acquired Brain Injury[END_REF], its effect on behavior seems limited at the least [START_REF] Martin | The Effects of Methylphenidate on Command Following and Yes/No Communication in Persons with Severe Disorders of Consciousness: A Meta-Analysis of n-of-1 Studies[END_REF].

Overall the level of evidence for these treatments remains low, side effects like dyskinesia and other movement disorders are not uncommon, and their efficacy is far from certain and notably 1.3. STATE OF THE ART OF DOC TREATMENT 67 far from the famous awakening from coma and akinetic mutims due to encephalitis lethargica described by van Economo following levodopa administration [START_REF] Sacks | Awakenings[END_REF]. Nevertheless apomorphine, which exerts direct dopaminergic activation of dopaminergic receptors, and which can be delivered continuously using a subcutaneous pump, seemed to yield the best results [START_REF] Fridman | Continuous subcutaneous apomorphine for severe disorders of consciousness after traumatic brain injury[END_REF] and is currently being investigated in a randomized double-blind study (Sanz et al. 2019, NCT03623828).

Zolpidem and other GABAergic agents

The second most frequently used drug in DoC patients is the Zolpidem, a benzodiazepine-like 

The meso-circuit hypothesis

As we've seen, studies suggesting an effect of these treatments date back from the early 2000's, and yet the current level of evidence remains low with many small sample observational studies. This teaches us that conducting controlled studies in such a heterogeneous and disabling condition is hard, especially in the acute phase of brain injury, where the treatment effect is intermingled with the course of spontaneous recovery. More critically, the effect, if any, seems limited in amplitude and in time and is restricted to a minority of patients, urging for more powerful treatment strategies.

Yet, the fact that both dopaminergic stimulation of the basal ganglia and paradoxical disinhibition of the thalamus by GABAergic agents are able to restore activity within thalamo-cortical loops even in a small number of patients is insightful and integrates well within the theoretical framework of the meso-circuit hypothesis (Schiff, 2010;Fridman and Schiff, 2014). In this context, lesions within fronto-pallido-thalamo-cortical loops would account for the the disruption of the complex and organized higher-order activity among large-scale fronto-parietal networks observed in DoC. Under normal circumstances, the caudate and putamen project inhibitory GABAergic neurons (medium spiny neurons) on the globus pallidus which also inhibits the central thalamus.

According to the mesocirctuit hypothesis, the reduction in this indirect excitation of the central thalamus by the caudate and putamen could be the substrate of impaired consciousness (Figure As for the treatment effects, zolpidem would reproduce the deffective inhibition of the striatum over the globus pallidus, which would in turn lead to a disinhibiting effect on the central thalamus and related excitation of the frontal and parietal cortices, while dopaminergic agent would directly stimulate the striatum and basal forebrain. In this theoretical framework, it is natural to envisage electro-magnetic brain stimulation as a way to interact with these loops to improve patients consciousness, either targeting the thalamus, striatum or globus pallidum with deep brain stimulation or targeting the cortex through transcranial stimulation. Indeed, a recent study linked the effects of invasive and non-invasive brain stimulation to the underlying stimulated resting-states networks [START_REF] Fox | Restingstate networks link invasive and noninvasive brain stimulation across diverse psychiatric and neurological diseases[END_REF]. In this study, the authors showed that across various neurological and psychiatric disorders, the shared efficacy of both transcranial stimulation and invasive stimulation was explained by the fact that both targeted different nodes of the same resting-state brain networks.

Conversely, the lack of functional connectivity between targeted regions identified sites where the stimulation was ineffective. According to this view, and in agreement with the meso-circuit hypothesis, tES targeting the prefontal or parietal cortex should be able to improve consciousness by promoting activity within thalamo-cortical loops. During the course of the PhD, we have written a review of the use electroceuticals in patients suffering from consciousness disorders (Bourdillon et al., 2019), which I will present in the contributions (section 3.1, page 169). In the subsequent chapter we will focus only on the technique that we used in our PhD projects, namely the tES. We will first discuss the putative mechanisms of action of tES, and we will then review the current evidence for its therapeutic use in DoC patients (this part will largely reprint our aforementioned review), before presenting its potential interest for the experimental study of consciousness physiology. Note that studies investigating repetitive TMS in DoC will not be covered in this introduction as the level of evidence is still low and as it does not directly relate to our PhD projects, but they are discussed in the review.

Transcranial electrical stimulation (tES)

A. Mechanisms of action

The most used tES technique is the transcranial direct current stimulation (tDCS), which de- 

B. Current evidence in DoC patients

Studies investigating tDCS in DoC patients are resumed in Table 1. with different spatial and temporal patterns in VS/UWS and MCS. In another study, the same authors showed that tDCS stimulation led to an increased fronto-parietal coherence in the theta band (Bai et al., 2016). Taken together, these results suggest that tDCS is able to modify the functional connectivity of consciousness-related networks as can be seen in healthy volunteers [START_REF] Kunze | Transcranial direct current stimulation changes resting state functional connectivity: A large-scale brain network modeling study[END_REF] and could restore partially preserved long-range connectivity inside cortico-thalamic networks, thus maybe explaining the better response rate observed in MCS patients. In contrast to these single-session studies, in which the effect of tDCS appears transient, the repetition of tDCS sessions seems to increase both the rate and the amplitude of consciousness improvement. Indeed, Thibaut et al. (2017), showed in a double-blind cross-over randomized controlled trial, that repetitive sessions of left-DLPFC tDCS over five consecutive days led not only to an increased rate of response after the end of the stimulation period (significant improvement of CRS-R in 9 out of 16 (56%) MCS), but also that this improvement of consciousness was persisting one week after the last session of simulation. Another study further supported the efficacy of repetitive sessions (20 sessions in 10 consecutive working days) using a parallel controlled design coupling behavioral assessment with ERPs elicited during an auditory oddball paradigm [START_REF] Zhang | Transcranial Direct Current Stimulation in Patients with Prolonged Disorders of Consciousness: Combined Behavioral and Event-Related Potential Evidence[END_REF]. Together with a significant improvement of CRS-R scores, the authors reported an increased P300 amplitude, only in MCS after real stimulation. It should, however, be noted that another study, despite similar design and stimulation parameters failed to show behavioral effects of both single-session and repetitive tDCS (Estraneo et al., 2017). These differences could be partially explained by a more heterogeneous population (inclusion of VS/UWS), farther away from the brain injury (more than a year in median). The most recent study showed intermediate results, with a small improvement in the behavior in the 12 MCS patients out of 24 VS/UWS and MCS patients, only when assessed with the Western Neuro Sensory Stimulation Profile (WNSSP) but without changes in CRS-R after 10 sessions of stimulation over 2 weeks [START_REF] Cavinato | Behavioural and electrophysiological effects of tDCS to prefrontal cortex in patients with disorders of consciousness[END_REF]. These changes were paralleled by decrease in delta power and increase in beta power over frontal and parietal regions, together with an increase in posterior alpha coherence and fronto-parietal beta coherence.
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Interestingly, repetitive stimulation has also been tested in a home-based setting (home and rehabilitation facilities), in order to evaluate the feasibility of prolonged stimulation protocols by non-expert caregivers or family members. In this cross-over study by Martens et al. (2018), 27 chronic MCS received 4 weeks of tDCS and sham with a wash-out period of 8 weeks between the two. Overall adherence to treatment was very good (94%), but 5 patients received less than 80% of the planned sessions. This resulted in the absence of significant effect on CRS-R on the intention to treat analysis, but significant effect at the end of the stimulation and a trend at 8 weeks after the stimulation in the per protocol analysis.

While previous studies targeted the left-DLPFC, some authors tested other sites of stimulation.

Naro et al. (2016b

) reported that cerebellar stimulation, using 5-Hz oscillatory tDCS, elicited an increase in fronto-parietal coherence and spectral power in the theta and gamma band in MCS patients, paralleled with CRS-R improvement. Repetitive stimulation of the posterior parietal cortex, also resulted in a consciousness improvement but with a smaller and less prolonged effect that prefrontal cortex stimulation (Huang et al., 2017a). Both these results show that tDCS is a reliable tool to modulate activity within widespread networks distant from stimulation sites. However, the major involvement of prefrontal cortex in cortico-subcortical networks and especially its dense connections the thalamus seems to make it the better target of stimulation in DoC. As for the side of stimulation, the only study comparing left to right anodal stimulation in DoC found a stronger effect on EEG connectivity of the left anodal stimulation [START_REF] Wu | Efficiency of Repetitive Transcranial Direct Current Stimulation of the Dorsolateral Prefrontal Cortex in Disorders of Consciousness: A Randomized Sham-Controlled Study[END_REF]. Finally, the bilateral anodal stimulation of M1 also showed improvement of motor behaviours in 8 out of 10 MCS patients correlated with an increase of alpha power in a pilot uncontrolled study [START_REF] Straudi | Bilateral M1 anodal transcranial direct current stimulation in post traumatic chronic minimally conscious state: A pilot EEG-tDCS study[END_REF].

Importantly, except for a single epileptic seizure, the aforementioned studies did not report major side effects, strengthening previous evidence that tDCS is safe (Matsumoto and Ugawa, 2016), which is crucial considering the frailty of this population. tDCS is not the sole tES technique and alternating electric current can also be delivered as in transcranial alternating current stimulation (tACS). In this case, a sinusoidal current is applied to the scalp to entrain underlying oscillatory activity and synchronize large scale neuronal networks.

Study

Only one study reported the use of tACS in DoC patients (Naro et al., 2016a). In this double-blind randomized cross-over study, two sites of gamma range (35-140 Hz) tACS stimulation were tested (right DLPFC and frontopolar cortex), against an active transcranial random noise stimulation control condition. No changes in CRS-R scores were observed, but all MCS and some VS/UWS showed an increase in theta and gamma relative power and fronto-parietal coherence in response to DLPFC stimulation.

Overall, even though all studies are not congruent, the ability of tES and especially of tDCS to modulate cortical excitability and connectivity seems established. The translation of such changes in brain activity to behavioral improvement is less clear and further large-scale studies are needed. This is the reason why the current level of evidence is deemed insufficient to issue recommendations on the therapeutic use of tDCS in DoC patients according to the latest guidelines (Lefaucheur Another key goal would be to better explain the apparent substantial heterogeneity of treatment effect to optimize individual patient responses. Many factors have been proposed to account for this variability (Polanía et al., 2018). While some factors are intrinsic immutable factors related to the subject (age, gender, genetic polymorphism, cortical gyri geometry), a considerable number of tES stimulation parameters can be tuned to optimize the treatment effect. For instance, higher stimulation intensities (up to 4 mA) could lead to better or more robust clinical effect while staying safe (Nitsche and Bikson, 2017;Chhatbar et al., 2018). The number of session and delay between sessions in case of repeated stimulation is also to be determined. While increasing the number of sessions of tDCS seemingly leads to a better and more sustained response [START_REF] Zhang | Transcranial Direct Current Stimulation in Patients with Prolonged Disorders of Consciousness: Combined Behavioral and Event-Related Potential Evidence[END_REF]Martens et al., 2018), in accordance with potential cumulative effect of induced synaptic plasticity, the optimal number of sessions is still unknown as well as the safety of prolonged or intensive stimulation.
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Furthermore, these lasting changes are allegedly underpinned by NMDA mediation and tDCS efficacy is known to be reduced in the presence of ion-channel blockers (Wischnewski et al., 2018), which are not reported in clinical studies, and even less stopped (which is not always possible).

Another major parameter is the montage of stimulation, i.e. the number, size and shape of the 22). The non-invasiveness of tDCS, together with its potential to provide both excitatory and inhibitory stimulation through anodal and cathodal stimulation respectively, would make it a a great candidate for such studies. Surprisingly, despite a growing number of publications of tDCS on various cognitive functions (working memory, attention, executive control) with evidence for a small but significant effect (Hill et al., 2016;Dedoncker et al., 2016), very few studies investigated conscious access with this technique. We are only aware of two studies using of prefrontal cortex tDCS during an attentional blink paradigm. The first showed an effect of anodal left-DLPFC tDCS dependent of the baseline performance on the task, much like a regression to the mean effect 1.3. STATE OF THE ART OF DOC TREATMENT 81 [START_REF] London | Effects of Transcranial Direct Current Stimulation over Left Dorsolateral pFC on the Attentional Blink Depend on Individual Baseline Performance[END_REF]. In the second study, Sdoia et al. (2019) showed that conscious access to a visual stimulus could be enhanced with anodal stimulation of the left-DLPFC as compared to sham stimulation. Importantly, they also showed an opposite effect of the cathodal stimulation on the same site, which is rather convincing regarding the causal role of prefrontal cortex in conscious access. However, these recent studies both used an attentional blink paradigm and thus modulation of conscious access could still relate to attentional modulation of a preconscious representation.

In this thesis, we will use tDCS over the left-dorsolateral prefrontal cortex to try to modulate the visual threshold of conscious awareness during a backward masking task (section 3.3, page 213).

b. tACS to study the role of fronto-parietal long-distance communication

In addition, to a mere excitation or inhibition of brain regions by tDCS, other tES stimulation techniques allow to test for more subtle hypotheses. For instance, tACS, which delivers alternating current, can be use to test the implication of specific frequencies in various cognitive functions 

Objectives and experimental contributions

In this introduction, we tried to give a comprehensive panorama of the current DoC physiology, diagnosis and treatment together with the basis of normal consciousness physiology. We also introduced the recently proposed cortically-mediated state framework to understand DoC and explained why this new conception advocates for more theory-and physiology-informed neuroimaging paradigms to improve both diagnostic and therapeutic tools.

Consequently we stressed four main points that motivated our experimental contributions, whose common goal was to enrich our current diagnostic and therapeutic procedures for DoC patients in light of normal consciousness physiology:

• the limits of the current clinical gold-standard to diagnose DoC both in terms of availability and in terms of signification

• the lack of validation and comparison of different neuro-imaging techniques

• the poor understanding of the physiological effects of tDCS on both conscious state and conscious access in DoC patients and in healthy conscious subjects

• the ongoing debate regarding the role of prefrontal cortex in conscious access

In the next two chapters, we will present the experimental contributions of this PhD thesis (Figure 1.17). The first chapter will gather my contributions on the improvement of diagnostic procedures of DoC patients. In this chapter, we will present a new and easily implementable clinical tool, the DoC-feeling scale, that we proposed to diagnose MCS patients. We will then develop the study in which we performed an external validation of the FDG-PET metabolic index of the best preserved hemisphere quantification procedure as a diagnostic tool for MCS together with a comparison of its performances with an EEG-based classification procedure. We will then present the third contribution, in which we designed, tested and validated a new clinical sign of MCS,

CHAPTER 1. INTRODUCTION
the habituation of auditory startle reflex, based on the cortically-mediated state hypothesis and the strong link between active inhibitory control and consciousness. We will close this chapter by providing a tangible illustration of the interest of these expert multimodal assessments in a case study of a rare form of consciousness disorder.

In the second chapter, we will focus on the use of electrical brain stimulation to improve consciousness. We will first present our review of the current level of evidence for these techniques in DoC patients. We will then investigate the effects of tDCS on behavior and brain activity of patients suffering from disorders of consciousness. Finally, we will present two ongoing experimental contributions using tES techniques in healthy conscious subjects to test predictions of the GNW theory on conscious access to visual stimuli. 

Short presentation

Context

In the introduction, we discussed the limits of the current behavioral tools and specifically of the CRS-R (section 1.2.1.3, page 31). We pointed out the requirement of repeated expert and time-consuming measurements which herald its wide use in daily care and especially in acute care.

Objectives and hypotheses

We thus sought to develop a new clinical tool for MCS diagnosis, addressing these limitations.

The main requirement for this scale was to be easily implementable in routine care and readily usable without any particular expertise in DoC patients. To that end, we took advantage of the time spent by caregivers with patients during routine care and of their turnover to gather numerous observations of patients level of consciousness. We hypothesized that first, nurses and nurses assistants could subjectively estimate the level of consciousness of patients and second, that in virtue of the wisdom of the crowds principle, the pooling of these subjective ratings across caregivers would constitute a reliable measure of the patient state of consciousness. 

IntrOduCtIOn

Accurate diagnosis of the level of consciousness in a brain-damaged patient is of great importance to better predict recovery. Disorder of consciousness (DoC) taxonomy has been recently challenged 1-3 but schematically includes the unresponsive wakefulness syndrome (UWS, also termed vegetative state) and the minimally conscious state (MCS). The detection of MCS has a huge prognostic impact since the functional outcome is dramatically better for patients with MCS. 4-8 However, assessing consciousness in patients with DoC can be challenging and in such cases, clinicians may need dedicated clinical tools and brain-imaging techniques specifically designed to probe consciousness. 9 Even when using dedicated clinical tools such as the Coma Recovery Scale-Revised (CRS-R 10 ), a unique assessment remains associated with a high frequency of diagnostic error. 11 Open access be due to fluctuations of consciousness level over time. To circumvent this limitation, repeated clinical assessments have been proposed, but this can be limited by the availability of trained clinicians. 12 13 In this study, we aimed at evaluating the diagnostic accuracy of pooled nursing staff estimations of the level of consciousness in patients with DoC. Through their clinical practice, nursing staff (ie, nurses and nursing assistants) accumulates extended observation time of patient's behaviour. Interacting with patients through standardised procedures (such as nursing care, medication administration, blood sample, etc…), they spontaneously generate a subjective estimation of the level of consciousness of the patient. Pooling opinions of several individuals have been shown to outperform individual judgements in specific settings (effect known as 'wisdom of the crowds'). 14 15 In this study, we hypothesised that pooling individual nursing staff estimations of the level of consciousness can help in the detection of MCS.

MethOds

Patients

All patients referred for evaluation of consciousness at the Department of Neurology of La Pitié-Salpêtrière Hospital, Paris, between February 2016 and October 2017, were screened prospectively. On hospital admission, patients' relatives were approached to give consent for participation to the study. All patients with a UWS or MCS condition and consent were eligible.

Patient and public involvement

No patients or patients' relatives were involved in the study design or the management of this study. Results of the study have been released as a preprint on a public repository 16 and the dataset of this study is available on Dryad (https:// doi. org/ 10. 5061/ dryad. 1m03145).

evaluation of consciousness

Reference standard Patients were hospitalised in the neurointensive care unit (neuro-ICU) and were observed for at least 1 week during which they encompassed multiple neurological assessments and brain imagery such as high-density electroencephalogram, event-related potentials, magnetic resonance imaging and [ 18 F]-fluorodeoxyglucose positron emission tomography. Clinical assessments consisted of repeated neurological examinations which included the CRS-R, 17 performed by expert clinicians (BH, BR, FF, LN) belonging to an external expert team in patients with DoC. CRS-R scoring ranges from 0 to 23 and is based on the presence or absence of responses on a set of hierarchically ordered items testing auditory, visual, motor, oromotor, communication and arousal function. State of consciousness (ie, UWS, MCS) is determined by specific key behaviours probed during the CRS-R assessment. For instance, visual pursuit, reproducible movements to command and/or complex motor behaviour scores for MCS. 17 Since consciousness level can fluctuate over time, we used the highest level of consciousness among all the CRS-R performed on a given patient as the reference standard. Following this procedure, each patient was thus labelled as being in a UWS or MCS. MCS was the target condition.

Index test

Nursing staff members (nurses and nursing assistants) taking care of a DoC patient were asked to fill in a form at the end of their shift containing a scale called 'DoC-feeling'. DoC-feeling was designed as a 100 mm Visual Analogue Scale (VAS) aiming at quantifying the caregiver subjective reports of patient's best consciousness level observed during the shift. We specifically asked caregivers to rate their 'gut feeling' about the best level of consciousness observed during the shift or the 'présence' (presence), using the French idiom 'le patient est-il là?' which is very close to the English one 'Is there anybody home?' (figure 1; see online supplementary material for the original VAS and its English translation). This wording reproduced the commonly used language to communicate observations relative to consciousness level of a patient among caregivers. Individual DoC-feeling ratings were collected prospectively. Caregivers were blinded to the previous caregivers' ratings and to the reference standard (the CRS-R) and expert physicians were blinded to the index test. In order to obtain a final global metric, for each patient, all individual ratings were pooled using the median to obtain the DoC-feeling score that constituted the index test of this study.

Clinical data

Demographics, aetiology and delay since the acute brain injury (ABI) were collected. In addition to CRS-R and DoC-feeling ratings, we also collected complementary metrics (such as the classical distinction between wakefulness and awareness, interaction during nursing and/ or painful care) using the same VAS approach as well as the best FOUR-score observed during each shift 18 (online supplementary material). statistics Our primary objective was to evaluate the diagnostic accuracy of the index test called 'DoC-feeling score' to detect the target condition (MCS) as defined by the standard reference (best CRS-R).

First, to evaluate the association of individuals' DoC-feeling ratings with the standard reference, we computed a linear mixed model (LMM) using DoC-feeling individual ratings as the dependent variable, the state of consciousness as the fixed effect explanatory variable and patients as well as raters as random effects. Normality of residuals distribution was assessed by visual inspection. LMM provides the optimal approach in order to take into account the non-independence between DoC-feeling ratings due to the repeated measurements over time at both the patient level (same patient rated by several raters) and the rater level (several ratings by rater). 

Open access

We next pooled the individual ratings obtained for each patient using the median to obtain the DoC-feeling score (index test). We, thus, obtained a DoC-feeling score as well as a reference standard label (UWS or MCS) for each patient. We performed a direct comparison of the scores between the two populations using a Wilcoxon-Mann-Whitney test. In order to assess the diagnostic accuracy of DoC-feeling scores to detect MCS (target condition), we computed the area under the receiver operating characteristic (ROC) curve (AUC) and report sensitivities and specificities for several cut-offs of DoC-feeling scores. All statistical tests were two sided with a type I error rate of 5%. Categorical variables were expressed as numbers (percentage), quantitative variables as median (IQR). Analyses were performed using the R statistical software V.3.4.1. 19 LMM was performed using the lme4 package. 20 AUC, sensitivity and specificity with their 95% CIs were computed using 2000 stratified bootstrap replicates (AUC) and binomial test (sensitivity and specificity) respectively using the pROC package. 21 The Standards for Reporting Diagnostic Accuracy was followed thoroughly. 22 

results

Patients characteristics

Flow chart

Seventy-two patients were eligible during the inclusion period, 23 were not included because of a lack of informed consent from a legal representative. Two patients were excluded because they had been diagnosed as conscious ('Exit-MCS'). Forty-seven patients were included in the analysis (see figure 2).

Median age was 49 (32-62) years, 66% (n=31) were female. Main aetiologies of brain injury included anoxia (53%) and traumatic brain injury (17%). Delay between ABI and the evaluation was 134 (40-762) days (see table 1).

Reference test

One hundred and forty-seven CRS-R assessments were performed, with a median of 3 2-4 per patient (ranging from 2 to 6). According to the best CRS-R, 27 patients (57%) were diagnosed as being in an MCS and 20 (43%) were classified as being in a UWS. Patients with MCS less frequently suffered from anoxia and had a longer delay between the ABI and the study inclusion (see table 1). No differences were found in the number of CRS-R assessments per patient or brain-imaging explorations between patients with UWS and MCS.

Index test

Six hundred and ninety-two DoC-feeling individual ratings were obtained (median of 12 9-19 ratings per patient). Eighty-three caregivers, 57 nurses and 26 nurses assistants (composed of 47 neuro-ICU regular staff members and 36 float staff members) participated in the study. Each nursing staff member filled a median of 4 1-12 evaluations. Median delay between the first and the last individual rating was 6 days. 5-9 No statistical differences were found Open access between UWS and MCS in the number of DoC-feeling ratings per patient, a number of raters per patient or in terms of number of ratings per rater (table 1).

Analysis of individuals doC-feeling ratings

Inspection of the 692 DoC-feeling ratings' distribution revealed higher values for patients with MCS than for UWS but with an important variability of ratings for a given patient (figure 3). The LMM analysis revealed a strong significant association between DoC-feeling individuals' ratings and the state of consciousness (t=6.47, df=45, p<0.001). diagnostic accuracy of doC-feeling scores Overall, patients underwent 12 9-19 DoC-feeling individual ratings, performed by 7 5-10 different raters. All DoC-feeling ratings obtained for a given patient were summarised using the median to obtain the pooled metric called DoC-feeling score (index test, figure 4A). DoC-feeling scores were smaller for patients with UWS than for MCS (7.2 mm (2.4-11.4) vs 59.2 mm (27.3-77.3), respectively; p<0.001; figure 4B). ROC curve revealed excellent accuracy at detecting MCS (AUC=0.92 (95% CI 0.84 to 0.99); figure 4C) with, for instance, a sensitivity of 89% (95% CI 71% to 98%) and a specificity of 85% (95% CI 62 to 97) when using a DoC-feeling score cut-off at 16.7 mm (figure 4D). Note that this cut-off is only used to give the reader an idea about the diagnostic performances using the more intuitive sensitivity and specificity metrics (see the Discussion section). The six misclassified patients using this cut-off are described in the online supplementary material. Simulations of AUCs using a various number of ratings per patient suggested that a minimal number of 4 ratings is needed to reach an AUC of 0.9 (online supplementary material). Of note, DoC-feeling score also helped discriminate UWS patients from MCS 'minus' patients (patients with non-reflexive behaviours but absence signs of language at bedside) 23 (see online supplementary material for additional details).

dIsCussIOn

In the present study, we developed and assessed a new behavioural tool called DoC-feeling to help diagnose MCS. This score, which pools multiple subjective reports obtained among several caregivers over several days of evaluation, showed a very good accuracy to diagnose MCS. DoC-feeling is not intended to replace the clinical examination nor the current CRS-R gold standard. However, taking advantage of valuable information collected by all caregivers involved in the care of a patient with DoC, the implementation of DoC-feeling could improve the overall diagnostic accuracy of patients with DoC. Caregivers are trained to evaluate pain and suffering in patients during all delivered procedures. These procedures constitute standardised interactions that can allow the generation of Open access very reliable heuristic processes to assess one's percept in terms of pain suffering and also consciousness.

Pooling opinions of several individuals have been previously shown to outperform individual judgements in specific settings. Recently, there has been a growing interest for this kind of approach (called collective intelligence or 'wisdom of the crowds') in the medical field, especially in diagnosis procedure (diagnosis of skin cancer, mammography screening, etc…). 14 24-26 In that perspective, quantifying expertise that is not restricted to physicians might be of prime interest. Capitalising on assessments of consciousness gathered at any hour of the day and through multiple observers may also potentially increase our ability to detect signs of consciousness in these patients who usually show large fluctuations of cognitive state and arousal. 12 DoC-feeling may also help to better describe and quantify these fluctuations. Additionally, it also enables to acknowledge the caregiver group expertise and to increase care team attention through a coherent and cumulative set of observational data.

The good accuracy of DoC-feeling obtained in our setting is likely to be generalisable elsewhere. First, as the distribution of CRS-R scores obtained in this cohort spanned most of the possible CRS-R scores, it is unlikely that the good accuracy of DoC-feeling results from two easily discernible patients' clusters. Second, as all the patients included in this study, either in an acute or a chronic stage, were specifically referred to our institution for expertise, it is most likely that our cohort was actually representative of patients for whom the diagnosis is the most difficult. However, we would like to emphasise that the used cut-off in the result section might be variable across teams and across time for a given team. This is why DoC-feeling should only be used in addition and not instead of CRS-R. Open access

Our study presents some limitations inherent to the aim of developing a pragmatic and easily implementable tool in daily clinical practice. First, as for all studies on consciousness disorders, we faced a typical situation of an imperfect gold standard. Although CRS-R is still the most widely accepted reference, the optimal number of assessments remains unknown. 13 According to a recent study, using three CRS-R assessments can lead to a 17% rate of misdiagnoses. 12 It is worth noting that this is exactly the reason why we developed DoC-feeling. CRS-R requires a specialised expertise that is not available everywhere and that can be extremely time-consuming, especially now that multiple assessments are recommended to take into account fluctuations of consciousness over time. 13 In sharp contrast, DoC-feeling scale could be implemented in any team, is much faster and allows to gather multiple observations per day. Second, caregivers might have been influenced by other factors that would have been very difficult to control. For instance, they might have been influenced by insights from other caregivers or, in case of multiple ratings for a given rater, by their previous ratings. However, the variability of individual ratings for a given patient (that tended to increase over time, see online supplementary material) suggests that caregivers did report their own perception independently from each other and their eventual previous ratings. Moreover, interactions among small groups of people could, in fact, have had a positive effect since the aggregation of small groups' insights have been shown to outperform the overall judgement of the whole group. 27 This kind of tool might thus be less prone to individual subjective bias which is frequent during decision-making under a high degree of uncertainty such as assessment of patients with DoC. 28 Staff members could also have been biased by classical predictors of consciousness recovery such as aetiology or delay from ABI or by the perception of patients' relatives, although it is commonly acknowledged that relatives frequently lack objectivity (in both directions) in such dramatic situations. 29 Finally, although the number of float staff members involved and the result of a preliminary survey assessing prior knowledge of regular nursing staff on DoC (online supplementary material) suggest together that DoC-feeling should be accurate in other settings, the monocentric design of this study requests external validation.

Despite these limitations, we think that the implementation of DoC-feeling score can significantly improve diagnostic accuracy and confidence in the diagnosis when supporting other metrics (ie, CRS-R and functional brain imaging at rest or during cognitive tasks). Moreover, even Open access when incongruent with other metrics, DoC-feeling score could be still useful. Indeed, this could either suggest that key clinical elements have been missed by physicians while performing punctual CRS-R assessments, but it could also reveal, in case of discrepancy with all the other elements (clinical and brain imagery), a possible misperception of a patient's consciousness level that needs to be acknowledged and considered in any further medical decision processes. This last point could be crucial in bridging the gap between the caregiver's team and the patient's relatives in situations of conflict.

In conclusion, we propose a new behavioural tool, called DoC-feeling, based on the 'wisdom of the crowds' effect (or, in our case, the 'wisdom of the caregivers'), which can help to improve the diagnostic of MCS and thus to promote a better prognostication and decision-making in patients suffering from DoC. 2016), which solves the challenge of normalisation in severely braininjured patients . However, this method has never been replicated since.

Objectives and hypotheses

Since 2016, we implemented the FDG-PET using this metabolic index metric in our patients assessments. The objectives were: first to perform an external validation of this procedure and secondly to comparatively assess the performances and clinical utility of the FDG-PET and EEG in DoC diagnosis.

CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS

In addition, we also speculated that given its spatial resolution, the PET would be appropriate to probe the CMD hypothesis.

Main findings

In this work, we showed that the pseudo-quantification metabolic index procedure had very good diagnosis performances, robust to external validation. Compared to EEG-based classification of conscious state, PET had slightly higher precision, recall and accuracy but the best performances were achieved by combining both diagnostic procedures, indicating that they could capture different components of patients behavioral heterogeneity. Moreover regional analysis of PET metabolism further suggested that the CRS-R MCS items mainly index preserved anatomofunctional cortical networks rather than unequivocal consciousness, supporting the cortically-mediated state hypothesis.

Conclusion

Our findings confirm that FDG-PET metabolic index is a robust and reliable measure of conscious state, able to identify residual cortical networks in DoC patients. 

Supplementary material

ABSTRACT

Despite the decisive prognostic value of an accurate behavioral distinction between vegetative state (VS), -also coined unresponsive wakefulness syndrome (UWS) -, and minimally conscious state (MCS), the rate of misdiagnosis remains high (~30%) in absence of expert assessment. Such an expert evaluation currently relies on several measures and scorings including the revised version of the Coma Recovery Scale (CRS-R). This evaluation can also capitalize on various functional brain-imaging techniques such as EEG, FDG-PET and fMRI during resting state periods or active cognitive paradigms. Among these tools, metabolic index of the best preserved hemisphere (MIBH), -that is based on an innovative quantification procedure of glucose uptake using 18 F-flurodeoxyglucose positron emission tomography (FDG-

FDG-PET & EEG

INTRODUCTION

Lasting disorders of consciousness (DoC) are not uncommon after severe brain injuries.

They regroup heterogeneous conditions, with patients either suffering from a complete lack of awareness of themselves and their environment, as in the vegetative state (also coined unresponsive wakefulness syndrome -VS/UWS - (Jennett and Plum, 1972;Laureys et al., 2010), or patients exhibiting minimal but definite signs of external awareness as in the minimally conscious state (MCS) (Giacino et al., 2002). Diagnosis is mainly based on behavioral examination, with the coma recovery scale -revised (CRS-R) being the current gold-standard (Kalmar and Giacino, 2005) 
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In this study, we aimed to determine the clinical utility of the FDG-PET metabolic index for disorders of consciousness diagnosis. We first performed an external validation of the PET metabolic index to diagnose MCS. We then compared its in-sample and out-sample performances to EEG-based classification, and tested wheter the combination of PET and EEG could outperform any of these two single measures. Finally, in light of the recent development of the CMS concept, we took advantage of the spatial resolution of the FDG-PET to investigate regional metabolic patterns associated with the different MCS items to better understand the neuro-metabolic basis of the VS/UWS from MCS distinction.

MATERIAL AND METHODS

Ethics statement

The protocol conformed to the Declaration of Helsinki, to the French regulations, and was for random scatter and physical decay, using X-ray CT.

Quantification procedure

Quality of PET was assessed by nuclear medicine physicians blindly to patients state of consciousness and PET of insufficient quality for the standard visual interpretation were discarded. In addition, PET acquired more than one hour after the tracer injection were also discarded according to the service standard. Quantification procedure followed the exact same steps as the ones described by Stender et al. (Stender et al., 2016). The originality of this procedure relies on the normalization methods, which as opposed to usual methods normalizing brain metabolism to a specific cerebral region like the cerebellum, proceeds to a normalization to extracerebral cephalic tissue. First, images were registered to a common template in MNI space by affine and non-linear transformation using Advanced Normalization Tools (ANTs version 2.0.3). They were then segmented (left and right cerebral cortices and extracerebral tissue) and normalized on the metabolism of the extracerebral tissue in reference to controls (by minimization of the Jensen-Shannon divergence between patient's PET and the control distribution). Finally, brain metabolic activity was scaled by setting the mean activity of extracerebral regions to an index value of one. For the assessment of PET -TDM diagnostic performance, we extracted the same single metric reported by Stender et al., which corresponds to the mean metabolic activity of the highest of both hemispheres. Analyses of the relations between regional metabolic activity and behavior were performed at the voxel level. For the dynamic acquisition, the quantification procedure was performed on each one of the three frames and the resulting normalized images were then averaged.
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EEG

Acquisition and preprocessing

High-density scalp EEG during the 'local-global' paradigm (see below) were recorded at bedside using a Net300 Amplifier and 256 electrodes HydroCel Geodesic Sensor Net (Electrical Geodesics, Eugene, Oregon, USA) referenced to the vertex. Recordings were sampled at 250 Hz and impedances were set below 100 kΩ prior to acquisition. EEG were preprocessed using a previously described pipeline (Engemann et al., 2015(Engemann et al., , 2018)), with the segmentation of the recordings in epochs according to the onset of the fifth sound (800 ms before and 740 ms after) followed by an automated artifact rejection procedure (based on on the maximal amplitude (150 µV) and variance (z-score = 4) of the EEG signal to reject artifacted epochs and/or channels. Recordings with more than 30% of channels and/or 70% of epochs rejected were discarded and bad channels of the remaining recordings were interpolated.

Auditory oddball Local and global effect

The local-global paradigm is an auditory oddball paradigm proposed by Bekinstchtein et al. or if equal, longer duration) than any differences observed during the 800 ms baseline preceding the onset of the fifth sound. Accordingly, three groups of patients were identified, a group with absent local and global effect, a group with only local effect and a group with global effect (regardless of the presence of a local effect, following the classic hierarchical view of these effects, as a global effect indexes higher-order cognitive function than the local effect).

Automatic classification of conscious state

In addition to these effects reflecting brain processing of auditory novelty, we extracted twenty eight markers of either spectral power, connectivity, complexity or evoked responses from the local-global recordings following the procedures described previously (Sitt et al., 2014;Engemann et al., 2018) and open source code: https://github.com/nice-tools/nice. These markers were first computed on the 800 ms preceding the fifth sound over the multiple channels (or channel pairs for the connectivity metrics) and epochs. From this high-dimensional space, low-level features were obtained by reducing the sensor space with either the mean or standard deviation over channels and the time space with either the 80% trimmed mean or standard deviation over the epochs. In the end, each EEG recording was summarized by a total of 112 features (all four combination of reductions of the 28 markers: 28 * 4). These features were then used to predict the state of consciousness of each patient through a linear support vector machine (SVM) classifier with the following parameters: 20% features selection based on univariate F-test, 5-fold stratified cross-validation and C penalization grid-search tuning ([10 - 6 10 -5 10 -4 10 -5 10 -4 10 -3 10 -2 10 -1 ]) as in Sitt et al. (Sitt et al., 2014).

Statistical analysis

Population characteristics

Quantitative data were described using the mean ± standard deviation or the median [interquartile range] as appropriate and qualitative data by the count (proportion). Group differences were tested respectively by two-sample student t-test or Mann-Whitney-U test.

Categorical data were compared by the chi-squared (χ2) test or the Fisher's exact test (n≤5).

Diagnostic performances

Diagnostic performances of the FDG-PET metabolic index of the best preserved hemisphere and of the EEG-based prediction of consciousness we assessed using the standard following Since this output is probabilistic, discrimination metrics were computed for a 0.5 threshold in both conditions. For all these analyses, the reference goldstandard was the best state of consciousness observed over the multiple CRS-R (VS/UWS or MCS). ROC curves comparisons were tested using 10000 bootstrapped replicates as follows:

for each bootstrap replicates, the AUC of both ROC curves were computed and used to compute the D statistics (D=[AUC1-AUC2]/s, where s is the standard deviation of the bootstrap differences and AUC1 and AUC2 are the original AUC of the two ROC curves), which was then compared to the normal distribution according to a two-sided hypothesis. Correlation between the MIBH and the CRS-R was performed using spearman correlation coefficient.

PET regional analysis

In order to investigate if regional metabolism would outperform the MIBH, we extracted the average metabolic values of each patient images in the 41 cortical regions and 4 subcortical structural areas of each hemisphere as defined by the Automated Anatomucal Labeling (AAL) atlas in MNI152 space (Tzourio-Mazoyer et al., 2002). We then computed for each one of these regions the AUC of VS/UWS from MCS discrimination with its 10000 bootstrapped confidence interval. Additionally, we tested the ability of each region to significantly discriminate VS/UWS from MCS using permutation testing against an AUC of 0.5 using 10000 permutations with false-discovery rate correction. 

PET voxel-based analysis

To study the regional metabolic patterns associated with the MCS items, we then performed a voxel-wise analysis of the metabolic index using a linear model. Each subscale of the CRS-R was dichotomized according to the presence (1) or absence (0) of a MCS item (except for the attentional subscale which was dichotomized according to: <2 = 0, ≥2 =1) and was included in the model as independent variables. The independent effect of the presence of a MCS item in each subscale were then sequentially tested on the whole brain with the metabolic index of each voxel as the dependent variable. For these analyses, images were smoothed with a 8mm fullwidth at half-maximum gaussian kernel and masked using a gray matter MNI template.

Significance threshold was set to p<0.005, uncorrected, with a minimum extent of 100 voxels per cluster.

Softwares

The PET quantification procedure used the following softwares: niftis were created from dicoms native images using 

Data and software availability

Data supporting the findings of the study are available from the corresponding author, upon reasonable request.

RESULTS

Between January 2016 and October 2019, we evaluated 182 independent DoC patients, of which 89 were eligible for PET (no mechanical ventilation and no sedation in the preceding 48h) and 74 patients were actually scanned (see flow char Figure 1). Five recordings were As expected, significant differences existed between VS/UWS and MCS patients in terms of etiology (p<10 -3 , with more anoxia in VS/UWS (65%) than in MCS (17%), while injury of vascular origin showed the reverse pattern (0% vs. 24%) and CRS-R scores (6 [5-7] vs. 11 [9][10][11][12][13] for VS/UWS and MCS respectively, p<10 -3 ). Importantly, no significant differences were found between VS/UWS and MCS patients in terms of number of CRS-R performed, CRS-R arousal score, delay between PET and best CRS-R and PET acquisition parameters (acquisition protocol, tracer dose and time from tracer injection), except for the blood glucose concentration which stayed within normal range and did not impact classification performances (5.9 [5. 

<10 -3 CRS-R arousal score 2 [1-2] 2 [1-2] 2 [1-2] 0.679 FDG-PET acquisition Delay from best CRS-R -1 [-1-1] 0 [-1-1] -1 [-1-1] 0.

In-sample performances

We first evaluated the in-sample FDG-PET performances of the metabolic index of the 

Robust out-of-sample performances

External validation of the PET using the threshold from Liège (MIBH=3.18) still showed good discrimination performances with an accuracy of 79% , positive predictive value of 84% , negative predictive value of 72% , sensitivity of 79% and specificity 78% . As expected, all EMCS patients had a score above threshold (mean MIBH of 4.39) and interestingly, all MCS patients with a score below threshold were MCSpatients (Figure 1A). Finally, in addition to its classification performance, MIBH also correlated strongly with the CRS-R score (spearman ρ=0.59, p<10 -4 , Figure 1B). These reliable performances validate the FDG-PET as a robust method to diagnose MCS across centers.

FDG-PET slightly outperforms EEG-based classification

In order to evaluate the added value of the FDG-PET, we compare its diagnostic performances to a validated and robust EEG-based classification tools ( 

Out-of-sample EEG performances

Out-of-sample performance of EEG in our cohort were obtained by predicting patient's state of consciousness using a SVM classifier trained on a separate dataset of 341 recordings (VS/UWS n=170, MCS n=171 (82-/89+) acquired from 267 independent subjects. This analysis 

Signification of the VS/UWS -MCS distinction

Regional metabolism discrimination performances

We then investigated if any regional brain metabolism region would outperform the MIBH. We thus computed the AUC from average metabolic values of 41 cortical regions and 4 basal ganglia in both hemisphere (regions defined by the AAL atlas, at the exception of the cerebellum). We found that all cortical regions significantly discriminated VS/UWS from MCS patients (all false-discovery rate corrected p-values <0.05), and that several regions had similar (or even slightly better) performances than the MIBH (Figure 4, Supplementary Table 2).

Importantly, the latter included primary or secondary sensory areas, not specifically associated cortical metabolism (Supplementary Figure 1) rather than a pure minimal contrast between a conscious and unconscious state. 

MCS items are associated with metabolic specific of subscales

Following this idea, we investigated the metabolic correlates of the CRS-R, which is the goldstandard to define the states of consciousness. To that end, we dichotomized each CRS-R subscale according to the presence or absence of an MCS item in each individuals and used parametric statistical mapping to unravel the specific metabolism associated with each subscale.

This analysis yielded that the presence of a visual MCS item or a motor MCS item were significantly associated with metabolism restricted in the low-level cortical areas, occipital cortex and motor and premotor cortices respectively (Figure 5 and Supplementary Figure 2), without activation in associative prefrontal or parietal cortices. On the contrary, the presence of the auditory response to command MCS item (either reproducible or systematic), was significantly associated with a higher metabolism in widespread cortical areas, encompassing left-lateralized temporal and frontal language related regions, temporal pole together with dorsolateral prefrontal cortex and posterior cingulate/precuneus. Note that no significant More generally, these differences could be due to the natural variability of brain metabolism even among normal healthy subjects. This is exactly why such quantification procedures based on cerebral metabolism relative to skull metabolism within subject are bound to be more stable than normalization to cerebral metabolism of a healthy control group whilst being easier than individual quantitative determination of the cerebral metabolic rate of glucose, which requires arterial blood sampling [START_REF] Stender | Quantitative rates of brain glucose metabolism distinguish minimally conscious from vegetative state patients[END_REF]. Finally, it should be emphasized that in the specific case of DoC patients, the normalization to an extracerebral region unaffected by the brain injury is critical to ensure robust results as compared to standard seed-based normalization procedure. As an illustration, several FDG-PET of VS/UWS patients were indeed interpreted as normal or near-normal when using usual normalization to the cerebellum as in routine clinical practice, while the MIBH was very low due to diffuse but heterogeneous hypometabolism. All in all, our results confirm that FDG-PET diagnostic models should use quantification procedures specific to this complex patient population and that in this respect, the metabolic index quantification procedure is accurate and robust across sites.

Combination of FDG-PET and EEG optimizes performances

Moreover, we showed that FDG-PET performed slightly better than EEG even though this difference was not significant. This seemed to be especially due to a higher number of clinically MCS patients underestimated by the EEG-based classification procedure, which are probably more sensitive to short-time scale fluctuations of patients' level of consciousness [START_REF] Wannez | The repetition of behavioral assessments in diagnosis of disorders of consciousness[END_REF]). Yet, EEG availability and robust performances (Engemann et al., 2018) still make it a great candidate to bedside diagnostic assessment of patients at least as a first-line/screening diagnostic procedure. Indeed, FDG-PET logistic requirement exceed that of EEG and it should be noted that even in our expert center, scanning of mechanically ventilated patients was not
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possible. In the end, the overall agreement of both techniques was good and clearly satisfy the need of consilience between brain-imaging procedures in this case of known imperfect goldstandard which fails to identify a small proportion of patients demonstrating residual awareness while being clinically unresponsive (Peterson, 2016). However, the combination of both techniques maximize the sensitivity to diagnose MCS, with accurately identified of all MCS but one, which is the main goal of these diagnostic procedures where it is important not to miss a truly MCS patient. In that sense EEG and FDG-PET would capture partially overlapping yet independent features of MCS patients, reflecting their heterogeneity and the need of a multimodal diagnostic approach ( 

FDG-PET supports the concept of cortically-mediated state

One of the major advantage of the FDG-PET over EEG is its spatial resolution which enables regional metabolic patterns analyses. Using a cortical atlas, we showed that accurate distinction of MCS from VS/UWS could be accurately achieved from all cortical regions. While the left precuneus, a region crucial to conscious processing ( 

Objectives and hypotheses

In this context, we aimed to develop a new behavioral sign informed from the physiology of consciousness with clear neuroimaging correlates in order to expand the range of this new conception. Starting from the clinical observation of a binary response profile to a modified version of the auditory startle reflex (ASR), which is part of the CRS-R, we designed a clinical sign potentially fulfilling these criteria. Indeed, when presented with several successive loud sounds, some patients seemed to exhibit a rapid habituation, while the others failed to do so and blinked each and every time. We hypothesized that this habituation of ASR would reflect top-down inhibition processes mediated by large-scale cortical networks, while the absence of inhibition would indicate a disruption of these networks.

CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS

Main findings

We thus first designed and provided clear definition and administration guidelines of this new sign, the habituation of auditory startle reflex. We then prospectively tested it as a potential CMS/MCS sign, by investigating its relation to the CRS-R (clinical state of consciousness and scores in each subscales) and its neuroimaging correlates (EEG, FDG-PET and DTI MRI). In a large cohort of patients, we validated our hypothesis by showing that habituation of ASR: i) had very good performances to diagnose MCS, ii) was independently associated with MCS-like patterns of brain activity on two previously validated neuroimaging diagnostic procedures, iii) correlated with neurophysiological signatures of attentional modulation and conscious access, and iv) was linked to preserved strucutral integrity and activity of a widespread fronto-parietal network traditionally involved in consciousness.

Conclusion

Taken together, preserved habituation of ASR satisfies all the criteria requested for a MCS/CMS sign, with the advantage to relate closely to preserved conscious processing. We thus propose to add it to the CRS-R in order to improve the clinical diagnosis of non-communicating patients.

Supplementary material:

Appendix A, page 326 ASR is a purely subcortical reflex whose pathways have been located in the brainstem, with an initial relay in the cochlear nuclei, followed by an intermediate relay in the brainstem reticular formation, connected to spinal cord and brainstem motoneurons which provide the output motor response [START_REF] Yeomans | The acoustic startle reflex: Neurons and connections[END_REF]. However, the neuronal mechanisms underpinning its short-term habituation are far less understood and long debated in the literature, with proponents of an 'intrisinc' modulation (i.e. habituation originating directly within the brainstem ASR pathway [START_REF] Fox | Habituation and prestimulus inhibition of the auditory startle reflex in decerebrate rats[END_REF][START_REF] Leaton | Short-term and long-term habituation of the acoustic startle response in chronic decerebrate rats[END_REF]) and proponents of an 'extrinsic' modulation by distant inhibitory projections, notably of cortical origin [START_REF] Du | Differentially organized topdown modulation of prepulse inhibition of startle[END_REF].
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In the present work we confirm our hypothesis and our main predictions: i) by defining a rigorous and reproducible behavioral procedure to measure hASR at bedside, ii) by demonstrating its value as a new powerful MCS/CMS sign, iii) by showing that its presence is correlated with cortical activity both during an auditory task and during resting state periods,

as measured with high-density EEG and 18-fluorodeoxyglucose-PET (FDG-PET) imaging, iv)

and by correlating hASR presence with a more preserved structural integrity of whole-brain white matter tracts.

MATERIAL AND METHODS

Ethics statement

This research was approved by the local ethic committee Comité de Protection des Personnes 

Habituation of auditory startle response paradigm

In this study we prospectively assessed the diagnostic performances and neurophysiology underlying a new behavioral sign, the ASR habituation paradigm, based on the type of ASR response to repeated stimuli. Specifically, we investigated the ability of patients to inhibit the ASR when presented with repeated sounds according to the following procedure:

-Method: For each trial, present a loud noise by clapping in your hands directly above the patient's head and out of view. Clap 10 times consecutively at a frequency of approximately 120 bpm (i.e. 2 Hz). Administer four trials.

-Response: An auditory startle is present if eyelid flutter or blink occurs immediately following the stimulus on at least two trials. The reflex is considered inextinguishable (absence of habituation) if there is an eyelid flutter or a blink following each and every clap. Otherwise, the reflex is considered extinguishable. A video footage of this procedure with a typical inextinguishable response is provided in the Supplementary Material 2a. and Supplementary Video. 

Electroencephalogram

Local global paradigm

Quantitative high-density scalp EEG were recorded on the same day as the clinical assessment (CRS-R and habituation to auditory startle) using the 'local-global' auditory oddball paradigm. standard trials and contains a total of 26 deviant trials.
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Acquisition and preprocessing

Impedances were set below 100 kΩ before acquisitions. Recordings were made at a 250 Hz sampling frequency using a 256 electrodes HydroCel Geodesic Sensor Net (Electrical Geodesics) referenced to the vertex with impedances set below 100 kΩ prior to acquisition.

EEG were preprocessed using an automated pipeline previously described (Sitt et to the presentation of the sounds (200 ms before the onset of the first sound and 740 ms after the onset of the fifth sound). An automated procedure based on amplitude and variance of the EEG signal and was applied to reject artifacted epochs and/or channels (cut-off values set to amplitude of 100 µV and z-score of 4). Recordings with more than 30% of channels and/or 70% of epochs rejected were discarded. For the remaining ones, bad channels were interpolated and epochs were transformed to an average reference. Only the 224 scalp electrodes were included in the two types of analyses that were performed on the EEG.

EEG markers analysis

Twenty-eight markers from spectral, connectivity, complexity and evoked domains were extracted from the epochs and sensors as described previously (see (Sitt et 1 for a detailed description of the markers and their computation). Given the high number of dimension (one marker value per channel and per epochs), sensor level was summarized using the mean and the standard deviation and epochs level was summarized using the 80% trimmed mean and the standard deviation. This resulted in four summary statistics per markers yielding a total number of 112 features per patients. These EEG features were then used to predict the state of consciousness of each patient performed both the analysis in this original high-dimensional space and also constructed a twodimensional topographical representation for this marker by resuming the value of wSMI θ at each sensor by the median value of connectivity between this sensor and every other ones.

Event-related potentials analysis

We analyzed group-level event-related potentials (ERP) elicited by the local-global paradigm according to the state of consciousness and the presence or absence of an habituation to auditory startle. For this analysis, the preprocessing was essentially the same, except for a different low- We also analyzed the Contingent Negative Variation (CNV) ERP component, that corresponds to a slow negative drift starting from the onset of the first sound to the onset of the fifth sound, indexing the expectancy of the fifth sound (Faugeras et al., 2012;Chennu et al., 2013). For this analysis, epochs were baseline corrected over the 200 ms preceding the onset of the first sound and we computed the slope of the ordinary least-squares regression with patients' average voltage over global standard trials as the dependent variable and time over the 0-600 ms period as the independent variable, both at the sensors levels and over Cz-centered ROI (mean over channels 6,7,14,15,22,23). patients in order to minimize motion artifacts. Images were corrected for attenuation, random scatter and physical decay, using X-ray CT. PET images were quantified following the procedure described by Stender et al. (Stender et al., 2016). Briefly, first images were registered on an MNI-template using affine and non-linear registration steps and then segmented (cortices and extracerebral tissue). Patients' PET were then normalized on the metabolism of the extracerebral tissue in reference to 32 controls acquired in the same setting (by minimization of the Jensen-Shannon divergence between patient's PET and the control distribution) and extracerebral average activity was given an index value of one. In patients with dynamic acquisition, this procedure was done on each of the three single frames and the resulting images were averaged to obtain a single PET volume per patient.

pass

FDG-PET acquisition and processing

MRI acquisition and processing

Deep white-matter integrity was assessed using diffusion tensor imaging (DTI) from diffusionweighted imaging sequences (DWI), following a previously described methodology (Velly et al., 2018). In short, MRI were acquired in the neuroradiology department of the hospital on three different scanners (1: General Electric Optima450w 1.5 Teslas; 2: General Electric Signa 

Statistical Analysis

Clinical analysis

Population characteristics were describe using the mean ± standard deviation or the median [interquartile range] as appropriate for quantitative data. Group differences were tested respectively by two-sample student t-test or Mann-Whitney-U test. Categorical data were compared by the chi-squared (χ2) test or the Fisher's exact test (in case of cells with n≤5). To assess the diagnostic performance of the startle habituation test, we used standard classification metrics (sensitivity, specificity, predictive values, likelihood ratios, accuracy and area under the ROC curve (AUC)) with their 95% confidence intervals (CI95%, see Supplementary Material 1c). Extinguishable response was set as a positive test and MCS diagnosis based on the goldstandard CRS-R as the positive reference. We then made a qualitative comparison of these performances to the performances of every other CRS-R items defining MCS state. However, since MCS diagnosis is defined by the CRS-R, theses comparisons are limited and we pursued the explorations of the added value and underlying signification of hASR using measures of brain activity independent of the behavior.

EEG analysis (ERPs, univariate and multivariate EEG markers analysis)

In order to investigate the specific effect of the type of ASR response on the multivariate prediction of the SVM, we ran a type II two-by-two analysis of variance (ANOVA) with the predicted probability from the classifier as the dependent variable and both the type of response (extinguishable or inextinguishable) and the state of consciousness (VS/UWS or MCS) as factors without including an interaction term. Two post-hoc comparisons contrasting extinguishable response to inextinguishable response within each state of consciousness group were done by means of Student t-test (or Welch test in in case of unequal variance), with a significance threshold set at p<0.05, uncorrected. We then explored the effect of startle on single marker topographies by performing the same ANOVA at each sensor. In this topographical analysis, we used a robust non-parametric cluster-based permutation procedure to control for multiple comparisons [START_REF] Wilson | Structured interviews for the Glasgow Outcome Scale and the extended Glasgow Outcome Scale: Guidelines for their use[END_REF]. First, ANOVA F-values corresponding to p<0.05 from neighboring electrodes were summed together to form clusters resumed by their masses. A null hypothesis surrogate distribution of cluster masses formed under 10000 random permutations of the patients' labels was then constructed. Then, each
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We probed ERP local and global effects by contrasting deviant from standard ROI time-series using paired t-tests over all time points followed by the same cluster based permutation procedure. Clusters of adjacent time samples with p<0.05 over the whole time-series were formed, including the 800 ms baseline, thus ensuring that significant effect, if any, would be superior to random baseline fluctuations. CNV topographies were analyzed as the other markers topographies. At the ROI level, we performed a one-sample t-test against zero of the individual patients CNV slopes distribution.

PET analysis

We first analyzed mean metabolic activity of the highest of both hemispheres, -a measure which was shown to be one of the best diagnostic markers of MCS (Stender et 

Data availability

Data are be available upon reasonable request but cannot be made open due to ethics protocol requirement and the sensitive nature of patient's data.

RESULTS

Habituation of auditory startle reflex as a new clinical sign of MCS

Between January 2014 and July 2019, 96 patients (48 VS/UWS and 48 MCS) were prospectively tested with the presented ASR habituation paradigm. An habituation was observed in 53 (55%) patients (extinguishable startle response -ASR-EX), while there was no habituation in the remaining 43 (44%) patients (inextinguishable startle response -ASR-IN).

Population characteristics are described in Table 1 and supplementary table 1.

The proportion of ASR response type differed significantly according to the state of consciousness measured on the day of ASR testing: habituation was present in 36 of the 48 (75%) MCS patients but only in 17 of the 48 (35%) VS/UWS, χ 2 (1)=13.6, p=0.0002 (Figure 1A). Likewise, patients with ASR-EX had higher scores in every CRS-R subscales except for the communication subscale (see Table 1 and Figure 1B).
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[1-2] 1 [1-1] 2 [1-2] 0.0004 -Visual subscore 1 [0-3] 0 [0-1] 2 [1-3] <10 e-4 -Motor subscore 2 [1-2] 2 [1-2] 2 [2-5] 0.0003 -Verbal subscore 1 [1-1] 1 [1-1] 1 [1-1] 0.0028 -Communication subscore 0 [0-0] 0 [0-0] 0 [0-0] 0.0573 -Arousal subscore 2 [1-2] 1 [1-2] 2 [1-2] 0.

ASR type of response and CRS-R Proportion of the type of response to auditory startle reflex (ASR), either extinguishable (EX, in blue) or inextinguishable (IN, in red) according to the clinical state of consciousness defined by the Coma-Recovery Scale -revised (CRS-R) showing that ASR-EX is more frequent in minimally conscious (MCS) patients than in vegetative (VS/UWS) patients and vice-versa, χ 2 (1)=13.6, p=0.0002 (A). Proportions of ASR response and the scores in each CRS-R subscales (B).

hASR performed next to the best CRS-R item, the visual pursuit, in terms of discrimination 

(

ASR habituation correlates with MCS-like EEG activity

Multivariate prediction of consciousness based on EEG markers

ASR habituation was tested on the same day as EEG recordings. as explanatory factors. 2A). Importantly, these results were essentially the same when computed on an independent 5 minutes resting-state EEG (Supplementary Material 2d and SM Figure 1).

Figure 2. Multivariate prediction of consciousness based on EEG markers (A) Relation between auditory startle reflex (ASR) habituation and the multivariate prediction of consciousness based on EEG markers. Predicted probability of being classified minimally conscious (MCS) was higher in extinguishable patients (EX) than in inextinguishable patients (IN), regardless of

The same ANOVA revealed a main effect of habituation to ASR on scalp topographies of univariate markers previously associated to higher states of consciousness (King et al., 2013;Sitt et al., 2014). Indeed an extinguishable reflex was associated with higher raw theta power spectral density (significant cluster encompassing a large centro-posterior region, p=0.0150) and raw alpha power spectral density (median centro-parietal cluster p=0.0235), together with higher wSMI θ values (left and mesial temporo-frontal cluster, p=0.0077) (Figure 2B). hASR seemed especially linked to a higher functional connectivity to prefrontal regions (parieto-and temporo-prefrontal connectivity as well as prefronto-prefrontal connectivity, Figure 2C).

ERPs to local and global violations of auditory regularities

We then investigated the response to violations of auditory regularities using the 'localglobal' paradigm. This paradigm elicits both unconscious signatures to auditory novelty processing (Mismatch Negativity and P3a) when auditory regularity is violated on a short timescale (local effect), and conscious signature of auditory novelty processing (P3b) when it is violated on a longer time-scale (global effect). We investigated both local and global effects in While no significant local effect was found in the absence of habituation (VS-IN and MCS-IN), a local effect was found in both ASR-EX groups with a very similar timing and topography reminiscent of a P3a ERP component: a significant cluster was present in the Fz with no significant difference between VS-IN and VS-EX groups (Figure 5A).

Finally, in order to probe the regional metabolic correlates of hASR, we performed a whole-brain voxel-based analysis using linear modeling between voxel-wise metabolic indices and the independent variables with age as a covariate. We first contrasted ASR-EX to ASR-IN patients. Metabolic activity was significantly higher in ASR-EX patients as compared to ASR-IN patients in posterior cingulate, precuneus, premotor areas, anterior cingulate, orbito-frontal and dorso-lateral prefrontal cortices. No cluster showed a significant higher metabolism in ASR-IN group compared to the ASR-EX group (Figure 5B).

HABITUATION OF AUDITORY STARTLE REFLEX
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After inclusion of the state of consciousness as covariate, a significant independent effect of ASR response type persisted in the posterior and anterior cingulate, premotor area and anterior prefrontal cortex, although less extended than in the previous contrast (Figure 5C). 

Figure 5. FDG-PET brain metabolism according to ASR habituation response (A) Relation between auditory startle reflex (ASR) habituation and the metabolic index of the best preserved hemisphere showing a higher index in patients with extinguishable response (EX) as compared to patients with inextinguishable response (IN), regardless of the clinical state of consciousness (vegetative (VS/UWS) or minimally conscious (MCS)) as demonstrated by an analysis of variance (ANOVA) main effect of ASR habituation, F(

ASR habituation is associated with a relative preservation of white matter integrity

Out of the 96 patients, 2 had a contraindication to MRI and 14 had no acquisition of DWI sequences during the MRI (9 because they had a previous recent MRI and 5 because of 6).

DISCUSSION

In the present study we proposed, tested and validated a new sign of MCS: the habituation of ASR. Our hypothesis was based on the cortically-mediated state framework, and predicted that habituation of the subcortical ASR would reflect the anatomo-functional preservation of a large-scale cortical network, recruiting in particular prefrontal regions, implied in the control of action and in behavioral inhibition.

Cortical origin of ASR habituation

By correlating hASR with higher resting state cortical PET metabolism (in particular in fronto-parietal regions) and with richer EEG brain activity in ASR-EX than in ASR-IN patients independently of the state of consciousness (i.e. independently of the VS/UWS versus MCS status), our findings strongly support our hypothesis of a cortical origin of this form of behavioral inhibition. Indeed, the regional PET metabolic activity signature of preserved hASR encompassed multiple brain-scale cortical networks including the salience and default mode (DMN) networks. The former includes pre-supplementary motor areas, anterior cingulate and right insula cortices and has been reliably shown to be associated to the inhibition of multiple cognitive and motor processes, such as stopping of an action in response to unexpected events [START_REF] Sharp | Distinct frontal systems for response inhibition, attentional capture, and error processing[END_REF]. Structural integrity of these regions was also found to be essential for an efficient modulation of DMN activity during inhibitory control [START_REF] Bonnelle | Salience network integrity predicts default mode network function after traumatic brain injury[END_REF], and disruption of their functional connectivity secondary to traumatic brain injury has also been linked to impaired performance in another motor inhibition behavior during a stop signal task [START_REF] Sharp | Default mode network functional and structural connectivity after traumatic brain injury[END_REF]. Our EEG results also point in the same direction by showing higher theta and alpha spectral power, as well as higher values of cortico-cortical functional connectivity, - 

Links between ASR habituation and consciousness

Once we tightly linked hASR to the activity of cortical networks, one may discuss more precisely the relations prevailing between this new CMS clinical sign and consciousness. Our main ERP result consisted in the presence of a response to violations of global regularity in the auditory local-global paradigm in ASR-EX patients. Such a 'global effect' was previously proposed as a neural signature of conscious access to this violation (Bekinschtein et al., 2009).

In healthy volunteers performing a passive version of this task, only those who could consciously report the global structure of the stimuli and of their violations showed a global effect in ERPs (Bekinschtein et al., 2009) 

CONCLUSION

In this study, we defined administration guidelines of a new clinical sign, the ASR habituation and explored its physiological underpinnings as well as its links with consciousness.

We showed that its presence was very suggestive of a MCS or conscious state, and that it correlated with the functional preservation of large-scale cortical networks related to conscious processing and to voluntary inhibitory control of behavior as measured with quantitative highdensity EEG, with cognitive ERPs and with resting state PET imaging. In the light of these findings, ASR habituation satisfies the criteria required to label it as a new MCS/CMS item. Its simplicity would make it easily implemented in various clinical settings, either as a screening tool or as a complement to the CRS-R. Actually, ASR habituation could be integrated to the auditory subscale hierarchy of the CRS-R, between localization to sound and command following. 
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Short presentation

As an illustration of the concepts developed in the introduction and in order to end this first part on diagnostic procedures, we here report the case study of longitudinal and multimodal follow-up of a rare cause of consciousness disorder, namely a cerebral fat embolism syndrome following multiple fractures of the inferior limbs. We expose how repeated expert assessments, encompassing behavioral examinations and multimodal brain imaging allowed to monitor and even anticipate an unexpected good recovery following a severe brain injury.

Indeed, notwithstanding an initial catastrophic presentation, with prolonged coma and VS/UWS state together with severe MRI lesions, the patient ultimately recovered a very good functional status allowing him to live autonomous at home. This recovery was highly non-linear and delayed, with signs of MCS starting more than one month after the injury and clear signs of consciousness at two and a half months. Crucially, in the early stage where withdrawal of life sustaining therapies were considered, despite being clinically unresponsive, the patient demonstrated preserved widespread cortical networks both with PET and the local-global auditory paradigm.

Not only, this case report adds up to our knowledge of this rare etiology but also provides a clear and concrete example of the value of expert and multimodal assessment to guide decision making in situations of uncertainty as is usually the case in severe brain injuries.

Supplementary material Appendix A, page 337

Introduction

Fat embolism syndrome (FES) is the collection of symptoms caused by embolization of bone marrow fat in the systemic circulation, typically after multiple fractures of long bones and pelvis. While systemic fat embolism events are frequently encountered in this context and during orthopedic surgery, 1 neurological manifestations, cerebral FES (CFES), are rare. CFES is perceived as having a better prognosis than other causes of cerebral emboli, but description of neurological outcomes from severe clinical presentation of CFES remain sparse and poorly documented in the literature. 2 Here we report the first detailed longitudinal multimodal description of a CFES case with, ultimately, an excellent neurological outcome despite a catastrophic CFES initial presentation and a late recovery of consciousness. This original multimodal approach yielded relevant information to monitor and anticipate the dynamics of this recovery.

Clinical presentation and diagnosis

A 26-year-old man was admitted in the Intensive Care Unit (ICU) in March 2017 for multiple fractures of the inferior limbs after a 20 m-high fall from a roof. The patient was initially conscious with a Glasgow Coma Scale (GCS) of 15/15 without any focal deficit. Upon arrival at the hospital, he presented hemodynamic shock requiring intubation, mechanical ventilation support, fluid resuscitation, intravenous norepinephrine, and massive transfusion. Once stabilized, that is, 3 h following the trauma, a whole-body computed tomography (CT) scan imaging showed complex open fractures of left tibia and fibula, luxation of left hip, fracture of right femur, and normal brain imaging. A 10-h surgery resulted in fracture reduction and osteosynthesis with external fixation (left leg) and intramedullary nail (right femur). During the surgery, gas exchange dramatically deteriorated leading to refractory hypoxemia. Postoperative cerebral and thoracic CTscans, performed 16 h following the trauma, showed no cerebral abnormalities but diffuse bilateral pulmonary infiltrates comprising consolidations and ground-glass opacities and bilateral pulmonary embolism. FES was highly suspected. Fundoscopy showed no ocular fat embolism at day 3. However, a bronchoalveolar lavage, performed at day 8 to document a suspected ventilatorassociated pneumonia, showed active alveolar hemorrhage and fat-containing macrophages confirming the diagnosis. Cardiac echocardiography revealed no evidence of patent foramen ovale. After resolution of hypoxemia, sedations were stopped at day 7, but the patient remained comatose with a GCS of 5 (E1V1M3) and preserved brainstem reflexes. The diagnosis of CFES was proposed and confirmed by a typical MRI at day 10 showing "starfield" pattern on diffusion-weighted imaging (DWI) 3 in highsignal associated with large high-signal FLAIR lesions of the sus-tentorial and brainstem deep white matter (DWM) and diffuse microbleeds on susceptibilityweighted imaging (SWI) sequence (Fig. S1). Diffusion tensor imaging (DTI) furthermore revealed a marked reduction of fractional anisotropy (up to 40%) mainly involving the sus-tentorial white matter.

Neurological recovery

At day 10, electroencephalograhy (EEG) showed a slow (3 Hz) monotonous and nonreactive background activity, associated with anterior bursts of slow complexes. Patient emerged from coma at day 14 (GCS = 8/15; and FOURscore = 10/16). Although he showed some signs of vigilance recovery with eyes opening, he was still unconscious according to the Coma Recovery Scale-revised (CRS-R) 4 : score = 5/23 1-1-2-0-0-1, corresponding to a vegetative state (also coined unresponsive wakefulness syndrome -UWS). He presented severe neurovegetative crises. At day 16, the multivariate classification of EEG markers was also in favor of UWS. 5,6 However, cognitive event-related potentials (ERP) using the "local-global" paradigm 7 showed preserved early cortical responses to sound stimuli, as well as a mismatch negativity (MMN), and a faint but significant late P3b component suggesting preserved conscious access to auditory stimuli. 8 He was weaned from mechanical ventilation at day 20, but still required a tracheostomy tube for aspiration and airways protection.

At day 30, a 18 -Fluoro-Deoxy-Glucose-PET ( 18 FDG-PET) scan showed on visual assessment a diffuse cortical hypometabolism, mainly of fronto-parieto-temporal associative cortices, preserving the primary sensory and subcortical areas. However, the quantitative metabolic index of the highest hemisphere (MIHH) was 3.34, compatible with a minimally conscious state (MCS) metabolic activity. 9 Indeed, at day 33, he transitioned toward MCS with a CRS-R of 10/23 (2-3-2-1-0-2), meaning he showed consistent visual pursuit but no response to command or verbal response. MRI at day 36 showed a major reduction of the edematous DWM lesions, persisting microbleeds and the onset of a global cerebral atrophy. The tracheostomy tube was removed at day 45 and he was transferred to rehabilitation center at day 50, where he started exhibiting command following (day 60) and gradually recovered speech (day 66) and functional communication (day 72), exiting the MCS condition to a conscious state.

At 3 months, he was fully conscious (CRS-R of 23/23), although he still suffered from cognitive and behavioral frontal syndrome with apathy, impulsivity, grasping and an anterograde amnesia due to encoding deficit. Mini-Mental State Examination (MMSE) was 21/30 and Frontal Assessment Battery (FAB) 5/18. Retrograde memory, speech, praxis and visuospatial functions were quite preserved. EEG background activity was reactive but still slowed, in the theta range (6)(7).

At 6 months, he improved further with an MMSE of 23/30 and a clear improvement of the frontal syndrome as shown by a FAB score of 13/18. EEG was normal, with a symmetric posterior alpha rhythm at 9 Hz, reactive to eyes opening and rapid microvolted anterior beta rhythm (Fig. 1). MRI was similar to the previous one and still showed some periventricular FLAIR hypersignal as well as a global reduction in fractional anisotropy. Atrophy was considered stable (Fig. S2). A second 18 FDG-PET showed a great improvement with near normal metabolism of the entire brain except for the internal temporal structures and the cerebellum. MIHH was 5.23, clearly in the range of conscious and healthy subjects (Fig. 2).

At 9 months, MMSE was 26/30 and FAB 16/18. A full psychometric evaluation showed a mild dysexecutive syndrome with attentional deficits and fatigability. Nonetheless the patient was fit to be discharged home and could resume his social life (meeting-up with friends, having dinner at the restaurant and going to the movies). At 1 year, MMSE was normal (29/30) and the FAB stable.

Discussion

The main findings of our report can be summarized as follows: (1) the time-course of recovery from CFES is highly nonlinear and can be delayed up to several months; (2) neurological recovery can be good even in case of a catastrophic initial presentation; (3) a multimodal and repeated approach based on imaging and electrophysiology techniques helps monitoring and anticipating changes in CFESinduced brain damage to guide decision making (Fig. 3 and Table 1).

Although the prognosis is usually considered better than other causes of emboli, serious complications are described (refractory status epilepticus, 10 raised intracranial pressure requiring monitoring, 11 decompressive hemicraniectomy, 2 or sometimes resulting in brain death 12 ). Few publications have studied the neurological and functional outcome of patients suffering from CFES. The largest series reported overall 7.4% mortality and 72.2% good outcome 2 but with differences according to the neurological presentation. Focal deficits and/or epilepsy with mild mental status change was associated with 90.5% probability of good outcome, whereas deep alteration of vigilance and consciousness up to coma with abnormal postures, as seen in our case, was associated with only 57.6% probability of good outcome. Moreover, the definition of "good" and "bad" outcome is often unclear in the aforementioned cases. To date, there are only two case reports in the literature assessing cognitive outcome of CFES using neuropsychological testing 13,14 showing some mild difficulties in frontal function as seen in our patient. However, they lack detailed description of recovery. We show that the dynamic of recovery can be delayed, 15 and most importantly extremely nonlinear. Indeed, after 2 weeks of coma, it took another 2 months for the patient to fully recover consciousness with functional communication that subsequently led to fast improvement of the cognitive function. This highlights the importance of the distinction between alteration of vigilance and loss of consciousness and prompts to carefully assess the latter, using dedicated scale, such as the CRS-R. This scale remains rarely used in the literature of severe brain injury, while it yields more relevant information about the patient's condition after the acute phase. Taken together, the prolonged loss of consciousness and catastrophic initial presentation (rapid-onset and deep coma, extended MRI lesions 16 and nonreactive EEG) led to multidisciplinary discussions in the medical team regarding withdrawal of care, which was finally not retained considering the result of functional brain imaging. Indeed, auditory ERP revealed a MMN suggestive of unconscious processing of auditory novelty which has been shown to predict awakening, 17,18 but more importantly a P3b evocative of the preservation of high-order cortical structures and conscious processing. 7,8 18 FDG-PET also showed a metabolic activity higher than the behavioral examination suggested. This outlines the interest of repeated assessment with combined multimodal techniques based on neurophysiology and neuroimaging in noncommunicative patients to probe the covert cognitive function 19 and overall brain activity. These techniques also showed different time-courses that yielded complementary information to the behavioral assessment in the dynamic of recovery.

The two mains etiologies of devastating brain injuries are anoxic brain injury (ABI) following cardiac arrest and . At M1, the PET showed a diffuse cortical hypometabolism, mainly of the frontal, parietal and temporal associative cortices, preserving the primary sensory and internal temporal cortices as well as subcortical and cerebellar areas. However, the metabolic index of the highest hemisphere was 3.34, compatible with a minimally conscious state metabolic activity. 9 At month 6, the metabolic activity of the entire brain was near normal except from the internal temporal lobe and the cerebellum. Metabolic index of the highest hemisphere was 5.23, clearly in the range of conscious and healthy subjects (example of an healthy control on the right panel). A, Anterior; L, Left; M1, Month 1; M6, Month 6; P, Posterior; R, Right.

severe traumatic brain injury (TBI). Neuroprognostication differs in these two conditions due to very different dynamic of recovery and overall better outcome of TBI. 20,21 This results in an earlier and more standardized approach in ABI than in TBI where lesions and prognosis are more heterogenous and late recoveries are possible.

Recent guidelines on prognostication after ABI provided a hierarchical and multimodal algorithm 22 in which a GCS motor response of 1 or 2, the absence of corneal and pupillary reflexes and/or the bilateral absence of the N20 wave on short-latency somatosensory-evoked potential from day 3 to 5 are predictive of a poor outcome with very low false positive rate. If this is not the case, a second step relies on less robust markers, that need to be combined and eventually repeated, such as high serum neuron-specific enolase, unreactive malignant EEG patterns (status epilecticus or burst-suppression, the prognostic value of isolated discontinuous or unreactive EEG being less clear) and/or brain imagery showing diffuse anoxic injury (CT or MRI). Recently, the global FA proved to be very accurate in prognosing outcome at 1 year of patients still comatose 7 days after cardiac arrest. 23 In severe TBI, prognosis is more heterogenous and is often delayed by the initial management of high intracranial pressure (sedation, hypothermia, etc). Classic early predictive factors are age, initial GCS and pupillary response, hypoxia and hypotension on admission, mass lesion, subarachnoid hemorrhage or signs of raised intracranial pressure on brain CT (Marshall CT class III-VI) and to a lesser extent, blood glucose, and hemoglobin at admission. These predictors have been included in a score which predicts the 6 month Glasgow outcome scale with acceptable accuracy (area under the curve 0.8). 24 Brainstem lesion or diffuse axonal injury on MRI are also associated with bad functional outcome 25 and quantitative EEG may help but is still an open area of research. 26 In the end, prognostication after severe TBI is more subjective and heavily relies on the clinical examination and the dynamic of recovery in the first few days to weeks. Neuroprognostication thus depends on the underlying cause of brain injury and some authors have suggested that withdrawal of care decision should not be made before 1 month in CFES 27 but our case demonstrates that this delay can be too short to properly assess the outcome of this complex etiology. In any case, potential confounders of consciousness and cognitive status (septic or metabolic encephalopathy, drugs, etc.) must be taken into account and in face of discrepancies or uncertainty, withdrawal of care decision should also be withhold.

Chapter 3

Electrical brain stimulation of consciousness 

Short presentation

In this work, we reviewed the use of electromagnetic brain stimulation techniques (also termed electroceuticals) as a treatment for consciousness disorders. While we mainly covered the use of transcranial electrical brain stimulation in the introduction, we also discuss here invasive stimulation by deep brain stimulation and vagus nerve stimulation along withen non-invasive stimulation by transcranial magnetic stimulation. Besides providing the current level of evidence for these techniques, we also present their current limitations and suggest areas for future research in view of improving stimulation efficacy.

Severe brain injury is a common cause of coma. In some cases, despite vigilance improvement, disorders of consciousness (DoC) persist. Several states of impaired consciousness have been defined, according to whether the patient exhibits only reflexive behaviors as in the vegetative state/unresponsive wakefulness syndrome (VS/UWS) or purposeful behaviors distinct from reflexes as in the minimally conscious state (MCS). Recently, this clinical distinction has been enriched by electrophysiological and neuroimaging data resulting from a better understanding of the physiopathology of DoC. However, therapeutic options, especially pharmacological ones, remain very limited. In this context, electroceuticals, a new category of therapeutic agents which act by targeting the neural circuits with electromagnetic stimulations, started to develop in the field of DoC. We performed a systematic review of the studies evaluating therapeutics relying on the direct or indirect electro-magnetic stimulation of the brain in DoC patients. Current evidence seems to support the efficacy of deep brain stimulation (DBS) and non-invasive brain stimulation (NIBS) on consciousness in some of these patients. However, while the latter is non-invasive and well tolerated, the former is associated with potential major side effects. We propose that all chronic DoC patients should be given the possibility to benefit from NIBS, and that transcranial direct current stimulation (tDCS) should be preferred over repetitive transcranial magnetic stimulation (rTMS), based on the literature and its simple use. Surgical techniques less invasive than DBS, such as vagus nerve stimulation (VNS) might represent a good compromise between efficacy and invasiveness but still need to be further investigated.

INTRODUCTION

Loss of consciousness and arousal are frequent after severe brain injuries. Usually, patients recover from this transient state of coma to a normal state of consciousness even though they can suffer from various cognitive deficits. However, in some cases, despite vigilance improvement, disorders of consciousness (DoC) persist. Several states of impaired consciousness have thus been defined, according to whether the patient exhibits only reflexive behaviors as in the vegetative state/unresponsive wakefulness syndrome (VS/UWS) or purposeful behaviors distinct from reflexes as in the minimally conscious state (MCS) (Giacino et al., 2002). This latter category has been recently refined to distinguish MCS 'minus' (MCS-) patients from MCS 'plus' patients (MCS+) according to the absence/presence of command following and/or intelligible verbalizations (Bruno et al., 2011). While this MCS label leaves open the issue of conscious state in these patients, it indicates with certitude that, unlike in VS/UWS, cortical networks contribute overtly to the behavior. In other terms, MCS can be reinterpreted as a cortically mediated state (CMS), more prone to evolve to recovery of consciousness than VS/UWS (Naccache, 2018). According to current classifications, a patient emerges from MCS (exit-MCS or EMCS) whenever he is able to communicate or make functional use of objects. Importantly, DoC must be differentiated from the locked-in syndrome (LIS) in which patients are conscious but lack the ability to communicate due to a disruption of motor tracts in the brainstem.

The current gold standard to diagnose these states of consciousness is the behavioral examination using a dedicated scale, the Coma Recovery Scale -revised (Kalmar and Giacino, 2005). However, recent studies have shown that a wilful modulation of brain activity could be detected in some clinically unresponsive patients (Owen et al., 2006;Edlow et al., 2017), a situation referred to as cognitive-motor dissociation (CMD). This new concept has brought the need of new classifications integrating active and passive brain-imaging to tract purposeful behaviors/consciousness (Engemann et al., 2018).

In parallel, several theories of consciousness have been developed. While some authors postulate than consciousness stem from a brain-scale cortico-cortical communication (global workspace theory; Dehaene et al., 2006;Dehaene and Changeux, 2011), others claim that consciousness arises from the coordinated activity within thalamo-cortical as well as nonthalamic ascending reticular activating system (ARAS) pathways (Edlow et al., 2012;[START_REF] Jang | The direct pathway from the brainstem reticular formation to the cerebral cortex in the ascending reticular activating system: a diffusion tensor imaging study[END_REF][START_REF] Jang | Relationship between consciousness and injury of ascending reticular activating system in patients with hypoxic ischaemic brain injury[END_REF], or from fronto-pallido-thalamo-cortical loops (meso-circuit hypothesis, Schiff, 2010). According to all of these theories, the common feature in DoC pathophysiology would be the disruption of a complex and organized high-order activity among large-scale neural networks.

In spite of these progresses in our understanding of DoC pathophysiology, efficient therapeutics is still lacking. Except for the moderate acceleration of recovery of traumatic brain injury (TBI) with amantadine (Giacino et al., 2012) and the rare and transient paradoxical effect of zolpidem [START_REF] Whyte | Incidence of clinically significant responses to zolpidem among patients with disorders of consciousness: a preliminary placebo controlled trial[END_REF]Whyte et al., 2014), neuropharmacological therapies are disappointing and, most of the time, neurorehabilitation, despite a limited impact (Giacino et al., 2013), is the only treatment. Within this context, 'electroceuticals, ' relying on the direct or indirect electro-magnetic stimulation of the brain, may be promising tools to restore consciousness in DoC patients (Figure 1). We conducted a narrative review of the use of these techniques in DoC patients by conducting a Pubmed/MEDLINE literature search up to December 2018 with the terms: 'disorders of consciousness, ' 'consciousness' AND 'non-invasive brain stimulation stimulation, ' 'transcranial electrical stimulation, ' 'transcranial direct current stimulation, ' 'transcranial alternative current stimulation, ' 'transcranial random noise stimulation, ' 'transcranial magnetic stimulation, ' 'invasive brain stimulation, ' 'deep brain stimulation.' We selected original papers with patients data based on their importance in the field.

INVASIVE ELECTRIC STIMULATION

Deep Brain Stimulation

Stereotactic surgical methodology was first described in the late 19th century [START_REF] Apra | Surgical techniques: when brain bullets met crowdfunding[END_REF], but applications in neurological diseases on the basis of neurophysiological principles started only in the second half of the 20th century [START_REF] Giller | The first formulation of imagebased stereotactic principles: the forgotten work of Gaston Contremoulins[END_REF][START_REF] Bourdillon | First clinical use of stereotaxy in humans: the key role of x-ray localization discovered by Gaston Contremoulins[END_REF]. Performing a lesion on deep mesencephalic or diencephalic small structures with wide projections on large cortical areas was exciting perspectives in psychiatric and neurological fields and drastically reduced the morbidity of the surgical procedures [START_REF] Miocinovic | History, applications, and mechanisms of deep brain stimulation[END_REF]Bourdillon et al., 2017). These lesional procedures were indicated in pathologies producing positive signs (like tremor or dystonia) but were useless in pathologies in which negative signs were preponderant, such as disorder of consciousness (DoC). In this context, electric stimulation in human patients by means of stereotactically placed intracranial deep electrodes was developed. DoC, which was then considered as a default of cortical activation consecutive to an interruption of the projections of the ARAS through the diencephalon to the cortex, was indeed one of the first pathologies in which deep brain stimulation (DBS) was used (McLardy et al., 1968;[START_REF] Jns ; Hassler | EEG and clinical arousal induced by bilateral long-term stimulation of pallidal systems in traumatic vigil coma[END_REF]. Despite an exciting effect of these first reports of pallidal and thalamic stimulation on the arousal of vegetative patient, no other study was done until the DBS was democratized in the late 1980's by its use in Parkinson disease [START_REF] Benabid | Combined (thalamotomy and stimulation) stereotactic surgery of the VIM thalamic nucleus for bilateral Parkinson disease[END_REF].

Patients and Clinical Response

Since 1968, a systematic review of the literature (through Medline, Embase, and web of Science) found that ten studies reporting 78 unique DoC patients who underwent DBS have been published (Table 1 A response was noticed in 30 of the 67 patients classified as VS/UWS and in 6 of the 11 MCS. The definition of "response" is highly variable throughout the studies as the outcome measures have dramatically evolved since the 1970's. Nevertheless, the clinical description provided in the oldest studies are all compatible with an improvement on the Coma Recovery Scale revised (CRS-R), the outcome measure systematically used nowadays.

Etiologies of DoC were traumatic brain injuries (27 patients), anoxic causes (12 patients) and vascular causes (13 patients) but were not reported in the largest series (Cohadon and Richer, 1993). Throughout the literature, it is unclear whether etiology is an outcome predictive factor (Vanhoecke and Hariz, 

2017

). Severe side effects may occurs during DBS. The safety is reported in Table 1.

It is worth mentioning that two studies, totalizing 5 patients, were not taken into account as the included patients did not fit with the present definition of DoC patients [START_REF] Sturm | Chronic electrical stimulation of the thalamic unspecific activating system in a patient with coma due to midbrain and upper brain stem infarction[END_REF][START_REF] Hosobuchi | The treatment of prolonged coma with neurostimulation[END_REF]. [START_REF] Magrassi | Results of a prospective study (CATS) on the effects of thalamic stimulation in minimally conscious and vegetative state patients[END_REF]. In two studies, pallidal stimulation was associated to thalamic targets [START_REF] Jns ; Hassler | EEG and clinical arousal induced by bilateral long-term stimulation of pallidal systems in traumatic vigil coma[END_REF]Lemaire et al., 2018). The multiplicity of targets in the limited number of both VS/UWS and MCS patients makes it impossible to identify the superiority of a procedure among the others. However, all these targets correspond anatomically to the projections of the ARAS through the thalamus to the cortex. Consequently, despite an apparent heterogenicity of the DBS targets, all the published studies report observations of the modulation of the same pathway making the interpretation of the overall results easier. Low-frequency stimulation (up to 50 Hz) was mostly used [START_REF] Jns ; Hassler | EEG and clinical arousal induced by bilateral long-term stimulation of pallidal systems in traumatic vigil coma[END_REF]Tsubokawa et al., 1990;Cohadon and Richer, 1993;[START_REF] Yamamoto | Deep brain stimulation for the treatment of vegetative state[END_REF]Chudy et al., 2018), but some studies reported results using high frequency stimulations (up to 100 Hz) (Schiff et al., 2007;[START_REF] Wojtecki | Modulation of central thalamic oscillations during emotional-cognitive processing in chronic disorder of consciousness[END_REF][START_REF] Adams | Late and progressive alterations of sleep dynamics following central thalamic deep brain stimulation (CT-DBS) in chronic minimally conscious state[END_REF][START_REF] Magrassi | Results of a prospective study (CATS) on the effects of thalamic stimulation in minimally conscious and vegetative state patients[END_REF]. The impact of the parameters of stimulation on the clinical response remains unclear [START_REF] Kundu | Deep brain stimulation for the treatment of disorders of consciousness and cognition in traumatic brain injury patients: a review[END_REF].

Targets and Parameters of Stimulation

Limitations

One of the most important criticisms on the published studies is about the time frame. The Multi Society Task Force on persistent VS/UWS has published that spontaneous recovery from nonanoxic VS/UWS lasting longer than 1 month occurs in 30% of patients at 6 months and in 43% at 12 months (Multi-Society Task Force on PVS, 1994; Vanhoecke and Hariz, 2017). This observation is not limited to VS as 83% of the patients emerged from MCS after 6 months [START_REF] Lammi | The minimally conscious state and recovery potential: a follow-up study 2 to 5 years after traumatic brain injury[END_REF] Another limitation is the selection of the patients on clinical criteria. Very different lesions in the central nervous system can lead to the same clinical presentation. For instance, VS/UWS may result from diffuse cortical lesions as well as from a very focal lesion in the brainstem of the ARAS. In the first situation, DBS will modulate a damaged cortex with altered capacity of long distance synchronization while, in the second, a modulation of the thalamus will have an effect on a preserved cortex. The most recent studies tend to take this into account by excluding anoxic causes (Lemaire et al., 2018) or trying to identify the potential connectivity that the DBS may restore (Schiff et al., 2007;[START_REF] Magrassi | Results of a prospective study (CATS) on the effects of thalamic stimulation in minimally conscious and vegetative state patients[END_REF]. Nonetheless, most of the studies mixed patients with similar clinical presentations but with a potentially great physio-pathological heterogenicity.

Perspectives

To avoid the methodological issues due to the study design of the initial studies, DBS should not be offered within the interval of 1 year of possible spontaneous recovery from DoC [START_REF] Vanhoecke | Deep brain stimulation for disorders of consciousness: systematic review of cases and ethics[END_REF]. The double-blind design introduced in DBS for DoC by Schiff (Schiff et al., 2007) should lead to less biased clinical conclusions and to exclusion of spontaneous recovery.

To overcome the heterogenicity of the patients in terms of physiopathology and to choose the most appropriate target for a single patient, an option could be to take advantage of the recent advances in the description of the physiology and anatomy of DoC patients. The structural integrity of the white matter tracts (Weng et Casali et al., 2013) are becoming routine practice in DoC patients evaluation so that patient level connectivity maps tend to become available. Definition of a minimal criterion of brain connectivity before trailing with DBS could be an interesting option to appropriately select patients in whom DBS may be beneficial. Moreover, DBS target could be personalized, in such selected patients, to restore long range connectivity in low frequency band through deep nuclei or tracts considered as damaged nodes in the network. Finally, DBS could be proposed in priority to patients in a CMS (Naccache, 2018) defined by the existence of substantial cortical functional networks revealed by behavioral examination (e.g., MCS patient and in particular MCS+ patients and/or by functional brain-imaging (including CMD patients). Indeed, such patients are predicted in theory to benefit the most from sub-cortical activation of residual cortical networks.

Vagus Nerve Stimulation

More recently, as a less invasive alternative to DBS, vagus nerve stimulation (VNS) has been tested in a DoC patient (Corazzol et al., 2017). The vagus nerve directly modulates activity in the brainstem and, through the nucleus of the solitary tract, reaches the dorsal raphe nuclei and the thalamus [START_REF] Rutecki | Anatomical, physiological, and theoretical basis for the antiepileptic effect of vagus nerve stimulation[END_REF]. Its positive effect on reticular formation, thalamus and forebrain metabolism has been established [START_REF] Henry | Acute blood flow changes and efficacy of vagus nerve stimulation in partial epilepsy[END_REF]. In addition to this modulation of the ARAS, very similar to what is observed in DBS, VNS is known to enhance the releasing of norepinephrine in the thalamus through an enhancement of the neuronal firing of the locus coeruleus, a crucial pathway for arousal [START_REF] Dorr | Effect of vagus nerve stimulation on serotonergic and noradrenergic transmission[END_REF].

The unique patient reported with this technique was a 35 years old man in a VS/UWS for 15 years after a severe TBI. The maximum effect was obtained with a 1 mA stimulation. The CRS-R increased, from a score of 5 at baseline to 10 and the patient was then classified as MCS. The pre and post stimulation high density EEG showed a significant increase in theta band (4-7 Hz) and the 18F-FDG PET results corroborated these findings and reveal an increase of activity in fronto-parietal and basal ganglia regions. These results are coherent with an emergence of the patient from the VS/UWS to the MCS. This observation demonstrates the ability of vagus nerve stimulation to modulate large-scale connectivity and its therapeutic potential in DoC patients.

NON-INVASIVE ELECTRIC AND MAGNETIC STIMULATION

By analogy with DBS, the idea that externally applied electrical current on the scalp could be used to probe brain-behavior relationship arose around 40 years ago [START_REF] Merton | Stimulation of the cerebral cortex in the intact human subject[END_REF]. However, the huge intensities used at this time (∼ 20 A) led to important side effects, and this breakthrough was not immediately pursued. Only since the end of the 1990s, non-invasive brain stimulation (NIBS) was refined and gained interest in neuroscience with the emergence of two main methods, transcranial electrical stimulation (tES) and transcranial magnetic stimulation (TMS). In the recent years, both have been proposed as therapeutic tools for various conditions, among which DoC, with the main advantage of being easier to implement and not invasive as compared to DBS and VNS. However, given the greater studies heterogeneity, their results will be presented separately.

Transcranial Magnetic Stimulation

Principle

Transcranial magnetic stimulation is a non-invasive stimulation technique modifying cortical excitability through the delivery of magnetic impulses generated by the flow of high-density electric current through a magnetic coil placed over the scalp. Single or short pulses of TMS can trigger firing of action potentials and allow to interact with the underlying brain activity with a high temporal resolution with excitatory or inhibitory effect depending on the modalities. These on-line TMS properties are mainly used in neuroscience to probe the function and connections of targeted brain regions. In DoC patients, such procedures have been employed to explore motor pathways' integrity and complexity of information processing and to index consciousness (Casali et al., 2013). Therapeutic studies rely on another type of TMS taking advantages of the neuromodulatory after-effects induced by repetitive stimulation (rTMS). These longer term effects are thought to be related to changes in synaptic plasticity by modulation of glutamatergic and GABAergic balance (Stagg et al., 2009) and non-synaptic pathways [START_REF] Ardolino | Non-synaptic mechanisms underlie the after-effects of cathodal transcutaneous direct current stimulation of the human brain[END_REF].

Clinical Studies

Despite several studies (Table 2), the level of evidence supporting the therapeutic use of rTMS in DoC patients is low [START_REF] Lefaucheur | Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS)[END_REF]. Indeed, most of them are uncontrolled trials targeting heterogeneous patients with small sample size and various stimulation protocols.

The first description of therapeutic TMS in DoC dates back to 2009, when Louise-Bender Pape et al. ( 2009) stimulated a VS patient daily for 6 weeks with 10 Hz rTMS over the right dorsolateral prefrontal cortex. While the patient presented some behavioral improvement followed by an improvement of amplitudes and latencies of brainstem auditory evoked potentials, these changes did not reach statistical significance. A second case reports an MCS patient found similar results with a transient augmentation of CRS-R score (up to 6 h) paralleled with spectral power changes on resting state EEG after two sessions of 20 Hz rTMS. This observation was latter matched by another similar case report (Bai et al., 2016).

While these first cases failed to show consistent behavioral effect on consciousness, they served as proof-of-concept supporting the safety of this procedure in DoC patients. 2017) also seemed to show a potential benefit of DLPFC stimulation, albeit at higher frequency (10 Hz), with an increase in CRS-R scores in 5 out 5 MCS patients and 4 out of 11 VS/UWS, remaining 10 days after the end of the stimulation.

As for cross-over double-blind randomized controlled trials of rTMS in DoC, only four studies were conducted, between 2015 and 2018, with a total number of 34 patients included. They all assessed the efficacy of 20 Hz rTMS over the left M1 in comparison to a sham control condition. None of them demonstrated consciousness improvement by stimulation, regardless of whether the protocol consisted in a single session [START_REF] Liu | Effects of high-frequency repetitive transcranial magnetic stimulation on cerebral hemodynamics in patients with disorders of consciousness: a sham-controlled study[END_REF] or in daily sessions over 5 days [START_REF] Cincotta | No effects of 20 Hz-rTMS of the primary motor cortex in vegetative state: a randomised, sham-controlled study[END_REF][START_REF] He | Effects of 20Hz repetitive transcranial magnetic stimulation on disorders of consciousness: a resting-state electroencephalography study[END_REF]Liu et al., 2018). These studies only showed some minor EEG changes in power spectra or hemodynamic parameters monitored by transcranial doppler.

Regarding the safety of rTMS in DoC patients, these studies seemed to support its relative innocuity, even though epileptic seizures attributable to stimulation were reported in at least one subject (Louise-Bender [START_REF] Pape | Repetitive transcranial magnetic stimulationassociated neurobehavioral gains during coma recovery[END_REF][START_REF] Pape | RTMS safety for two subjects with disordered consciousness after traumatic brain injury[END_REF]. Given the small number of patients included, this should be taken with caution, as it is known that seizures can be elicited by TMS in healthy subjects, with an increasing risk in brain-lesioned patients and with a history of seizures, two frequent conditions in DoC patients.

Although the great diversity of stimulation frequency (5, 10, 20 Hz), intensity (from 90 to 120% of resting motor threshold), site of stimulation (left or right prefrontal cortex or primary motor cortex) and number of sessions (single or repeated) makes it hard to draw definite conclusions, the few positive results demonstrating an impact of rTMS on patients' consciousness are casting shadow over potential of rTMS in this condition. Moreover, TMS protocols are not easy to implement at bedside and require a specialized expertise and dedicated material, which questions its accessibility in the many structures (intensive care unit, neurology and rehabilitation facilities, nursing home or even at home) taking care of DoC patients. In respect to this, tES techniques are superior to TMS.

Transcranial Electric Stimulation

Transcranial Direct Current Stimulation

The most used tES technique is transcranial direct current stimulation (tDCS), which delivers a continuous and weak intensity current (1-2 mA) to the scalp through a bipolar montage (the current flowing from an anode to a cathode).

Although some controversies are still hanging regarding the ability of these induced electric fields to elicit clinically relevant modification of the brain activity ( 2014), who showed an increase in CRS-R in 3 patients out of 10 with either a left DLPFC (L-DLPFC) or a left sensorimotor cortex repeated stimulation (5 sessions). However, this study was not controlled and the sham sessions were always performed before the repetitive sessions of active stimulation which doesn't prevent a confound with spontaneous recovery. These encouraging results were further supported by a double-blind randomized controlled trial against sham published by Thibaut et al. (2014). In this study, the authors found a significant effect on consciousness of a single 2 mA L-DLPFC tDCS stimulation only in the MCS group, with an improvement in CRS-R in 13/30 (43%) MCS patients and 2/25 (8%) VS/UWS. Retrospective analysis of PET-TDM and MRI data of these patients prior stimulation yielded that tDCS responsiveness was characterized by preserved brain metabolism and gray matter integrity in cortical and subcortical regions traditionally involved in consciousness (prefrontal cortex, precuneus and thalamus) (Thibaut et al., 2015). Responders were also characterized by a higher connectivity in regions belonging to the extrinsic/executive control network in fMRI (Cavaliere et al., 2016) and increase theta connectivity and network centrality in EEG (Thibaut et al., 2018).

However, subsequent studies of single-session stimulation failed to reproduce the behavioral effect of tDCS (Naro et al., 2015a;Bai et al., 2016Bai et al., , 2017)). Note though, that the stimulation parameters differed from those of the previous study, either due to smaller electrodes (25 cm 2 vs. 35 cm 2 ) or due to a distinct montage (orbitofrontal stimulation with anode between, Fp1 and Fp2 and cathode in Cz; Naro et al., 2015a). Yet these studies provided insight into the mechanisms of action of tDCS in DoC patients by combining the stimulation with other electrophysiological techniques (electroencephalogram -EEG-, event-related potentials -ERPand/or transcranial magnetic stimulation -TMS). Hence, in a study combining TMS-EEG and tDCS over the L-DLPFC, Bai et al. (2017) showed that tDCS could modulate the cortical global excitability assessed by TMS with different spatial and temporal patterns in VS/UWS and MCS. In another study, the same authors showed that tDCS stimulation led to an increased fronto-parietal coherence in the theta band (Bai et al., 2016). Taken together, these results suggest that tDCS is able to modify the functional connectivity of consciousness-related networks as can be seen in healthy volunteers [START_REF] Kunze | Transcranial direct current stimulation changes resting state functional connectivity: A large-scale brain network modeling study[END_REF] and could restore partially preserved long-range connectivity inside cortico-thalamic networks, thus explaining the better response rate observed in MCS patients.

In contrast to these single-session studies, in which the effect of tDCS appears transient, the repetition of tDCS sessions seems to increase both the rate and the amplitude of consciousness improvement. Indeed, Thibaut et al. (2017) showed in a doubleblind cross-over randomized controlled trial, that repetitive sessions of L-DLPFC tDCS over five consecutive days led not only to an increased rate of response after the end of the stimulation period [significant improvement of CRS-R in 9 out of 16 (56%) MCS], but also that this improvement of consciousness was persisting 1 week after the last session of simulation. In another study, [START_REF] Zhang | Transcranial Direct Current Stimulation in Patients with Prolonged Disorders of Consciousness: Combined Behavioral and Event-Related Potential Evidence[END_REF] further supported the efficacy of repetitive sessions (20 sessions in 10 consecutive working days) using a parallel controlled design coupling behavioral assessment with event-related potentials elicited during an auditory oddball paradigm. Together with a significant improvement of CRS-R scores, the authors reported an increased P300 amplitude, only after real stimulation in MCS [START_REF] Zhang | Transcranial Direct Current Stimulation in Patients with Prolonged Disorders of Consciousness: Combined Behavioral and Event-Related Potential Evidence[END_REF]. It should, however, be noted that another study, despite similar design and stimulation parameters failed to show behavioral effects of both single-session and repetitive tDCS (Estraneo et al., 2017). These differences could be partially explained by a more heterogeneous population (inclusion of VS/UWS) farther away from the brain injury (more than a year in median). Interestingly, repetitive stimulation has also been tested in a home-based setting (home and rehabilitation facilities), in order to evaluate the feasibility of prolonged stimulation protocols by non-expert caregivers or family members (Martens et al., 2018). In this cross-over study by Martens et al. (2018), 27 chronic MCS received 4 weeks of tDCS and sham with a washout period of 8 weeks between the two. Overall adherence to treatment was very good (94%), but 5 patients received less than 80% of the planned sessions. This resulted in the absence of significant effect on CRS-R on the intention to treat analysis, but significant effect at the end of the stimulation and a trend at 8 weeks after the stimulation in the per protocol analysis. While previous studies targeted the L-DLPFC, some authors tested other sites of stimulation. Naro et al. (2016a) reported that cerebellar stimulation, using 5-Hz oscillatory tDCS (otDCS), elicited an increase in fronto-parietal coherence and spectral power in the theta and gamma band in MCS patients, paralleled with CRS-R improvement. Repetitive stimulation of the posterior parietal cortex also resulted in a consciousness improvement but with a smaller and less prolonged effect that prefrontal cortex stimulation (Huang w. et al., 2017). Both these results show that tDCS is a reliable tool to modulate activity within widespread networks distant from stimulation sites. However, the major involvement of prefrontal cortex in cortico-subcortical networks and especially its dense connections the thalamus seems to make it the better target of stimulation in DoC.

Importantly, except for a single epileptic seizure, the aforementioned studies did not report major side effects, strengthening previous evidence that tDCS is safe (Matsumoto and Ugawa, 2017). This point is of utmost importance considering the frailty of this population.

Transcranial Alternative Current Stimulation (tACS)

In contrast to tDCS, tACS delivers a sinusoidal current through the scalp able to elicit entrain underlying oscillatory activity and synchronize large scale neuronal networks. Only one study reported the use of tACS in DoC patients (Naro et al., 2016b). In this double-blind randomized cross-over study, two sites of gamma range (35-140 Hz) tACS stimulation were tested (right DLPFC and frontopolar cortex), against an active transcranial random noise stimulation (tRNS) control condition. No changes in CRS-R score were observed, but all MCS and some VS/UWS showed increased in theta and gamma relative power and frontoparietal coherence in response to DLPFC stimulation.

Limitations and Perspectives of NIBS

While the therapeutic potential of rTMS in DoC patients seems limited so far, this review of the literature indicates a possible effect of tDCS in DoC patients. Indeed, several randomized controlled trials of tDCS in relatively large sample of DoC patients showed a significant behavioral improvement of consciousness, while rTMS studies failed to do so, maybe in part due to smaller sample sizes. Moreover, compared to rTMS, tDCS is together cheaper, less invasive, easier to use and more appropriate to repeated sessions, with consequently the potential of a wide availability for DoC patients, either during hospitalization or at home. However, please note that the current level of evidence is insufficient to issue recommendations on the use of both of these two techniques in DoC patients according to the latest guidelines on the therapeutic use of rTMS and tDCS [START_REF] Lefaucheur | Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS)[END_REF](Lefaucheur et al., , 2017) ) and further evidences from large-scale controlled studies are needed. Indeed, substantial heterogeneity remains to be explained and many factors are known to account for the variability of behavioral and electrophysiological effects of NIBS (Polanía et al., 2018).

Regarding tES, despite encouraging results, some authors still doubt the ability of weak intensity currents to elicit changes in brain activity. The group of Buszaki showed that with conventional intensities, electric fields barely reached the threshold for resting membrane potential modification in rodents and humans cadaver brains (Vöröslakos et al., 2018), but intracranial recordings in human epileptic patients showed current densities consistent with neurophysiological effects (Huang Y. et al., 2017). Nonetheless, higher intensities (up to 4 mA) could lead to better or more robust clinical effect while staying safe [START_REF] Chhatbar | Safety and tolerability of transcranial direct current stimulation to stroke patients -A phase I current escalation study[END_REF]. On the other hand, the ability of TMS to induce changes in cortical excitability is not debated, yet its use in DoC patients is not supported by current evidence and further studies are needed to demonstrate a potential benefit. In addition, safety and logistic concerns may harden its development in this condition.

While increasing the number of sessions of tDCS led to a better and more sustained response, in accordance with potential cumulative effect of induced synaptic plasticity, the optimal number sessions is still unknown as well as the safety of prolonged or intensive stimulation. Furthermore, these lasting changes are allegedly underpinned by NMDA mediation and tDCS efficacy is known to be reduced in the presence of ionchannel blockers (Wischnewski et al., 2018). Future studies should systematically report the use of such treatments to better explain individual response.

As for now, all studies of NIBS in DoC patients used standardized montage and sites of stimulation, irrespective of the individual anatomy of patients. Despite a low spatial resolution, this one-size-fits-all approach is probably misleading given the variability of lesions (etiology, locations, severity). Moreover, most studies quantifying and modeling electric fields were done in healthy subjects (Huang Y. et al., 2017;[START_REF] Ciechanski | Modeling Transcranial Direct-Current Stimulation-Induced Electric Fields in Children and Adults[END_REF]. Recently, MRI-based models of current distribution inside the brain have been developed for tDCS [SimNIBS [START_REF] Saturnino | SimNIBS: a versatile toolbox for simulating fields generated by transcranial brain stimulation[END_REF], ROAST (Huang et al., 2018)]. In addition, coming studies should couple behavioral assessment with detailed functional imaging of the brain (EEG, fMRI, PET) before, during and after stimulation. First, imaging residual functional connectivity and brain metabolism before stimulation, which are seemingly major determinants of tDCS efficacy, as suggested by the better response rate observed in MCS patients, will help better select patients that could benefit from stimulation. Second, assessing the changes in those measures according to stimulation will allow to further understand the mechanism of consciousness improvement by NIBS. Finally, the combination of stimulation with functional imaging techniques will allow to probe the underlying brain activity of patients, which is known to considerably influence the neuromodulation properties of both for tES and TMS (Silvanto et al., 2008). In these non-communicative and fluctuating patients (Wannez et al., 2017), the continuous recording of brain activity could pave the way to the development of closedloop stimulation protocol [START_REF] Berényi | Closed-loop control of epilepsy by transcranial electrical stimulation[END_REF][START_REF] Ngo | Auditory closed-loop stimulation of the sleep slow oscillation enhances memory[END_REF][START_REF] Kozák | Sustained efficacy of closed loop electrical stimulation for long-term treatment of absence epilepsy in rats[END_REF][START_REF] Kozák | Chronic transcranial electrical stimulation and intracortical recording in rats[END_REF] to foster conscious patterns of brain activity. Taken together, these tools presumably hold the promise to substantially optimize tES stimulation in DoC patients.

CONCLUSION

Current evidence tends to support the efficacy of DBS and NIBS on consciousness in DoC patients [START_REF] Thibaut | New therapeutic options for the treatment of patients with disorders of consciousness: the field of neuromodulation[END_REF]. However, while the latter is non-invasive and well tolerated, the former is associated with potential major side effects and should hence be reserved to selected patients. Less invasive techniques such as VNS are very promising and could represent a perfect trade-off between efficacy and invasiveness. Yet, evidence beyond the single-patient proof-ofconcept study is needed to confirm its potential. Currently, we propose that all chronic DoC patients should be given the possibility to benefit from NIBS, and that tDCS should be preferred over rTMS given the evidence of the literature and its simpler use.

In any cases, future studies should systematically combine the stimulation with structural and functional brain-imaging, to (1) define patients who could benefit from the stimulation based on their residual brain activity (2) develop new stimulation protocols based on the understanding of the underlying mechanisms of consciousness improvement by electrical stimulation (3) tailor the stimulation to individual subjects based on their anatomy and/or functional brain-imaging through the use of computational modeling. This will also help define the relative place of each of these techniques in the treatment of DoC patients. One could imagine a progressive strategy, with a first-line use of NIBS to probe the possible response to stimulation followed by a second-line invasive stimulation to elicit sustained improvement of consciousness in carefully selected patients in which it is predicted to work. By then, some innovative and non-invasive stimulation techniques targeting deep brain structures, such as low intensity focused ultrasound pulsation [START_REF] Monti | Non-invasive ultrasonic thalamic stimulation in disorders of consciousness after severe brain injury: a first-in-man report[END_REF], transcutaneous stimulation of the vagus nerve at the ear [START_REF] Dietrich | A novel transcutaneous vagus nerve stimulation leads to brainstem and cerebral activations measured by functional MRI[END_REF]Yu et al., 2017), or even indirect electrical brain stimulation through the olfactory receptors by using a nose-implanted electrode [START_REF] Weiss | From nose to brain: un-sensed electrical currents applied in the nose alter activity in deep brain structures[END_REF]) may turn to be efficient in DoC patients.
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Short presentation

Context tDCS is a non-invasive brain stimulation technique, whose ease of use and potential to modulate brain activity in large-scale cortical networks, make it a great candidate for improving consciousness in DoC patients. Promising results have actually been obtained recently in this condition, but they were not always replicated, in part due to a wide heterogeneity of treatment response, highlighting our poor understanding of tDCS mechanisms of action and physiological effects in DoC patients.

Objectives

In this work, we aimed to investigate these mechanisms of action by joint measurement of the behavioral and electrophysiological effects of an open-label single session of left-dorsolateral anodal tDCS. To that end, we performed a comprehensive neurophysiological assessment of treatment response using high-density EEG together with tDCS-induced electric fields modelling based on patients's brain anatomy.

Main findings

We first replicated the estimated rate of behavioral response to tDCS in the largest cohort of DoC patients to date. We then identified the neural correlates of behavioral response with previously validated measures of both conscious state and conscious access. Finally, we showed that the electrophysiological responses to tDCS correlated with higher electric fields in prefrontal cortices.

Conclusion

Altogether, this work suggests a direct causal effect of tDCS stimulation on consciousness through the modulation of residual cortical activity and cortico-cortical connectivity.

Supplementary material:
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INTRODUCTION

After an acute phase of coma, severe acute brain injuries can lead to lasting disorders of consciousness (DoC). The Coma Recovery Scale-Revised (CRS-R) 1,2 is the most widely accepted tool to distinguish vegetative state/unresponsive wakefulness syndrome (VS/UWS) from minimally conscious state (MCS) patients. While VS/UWS only show non-purposeful reflexive behaviors, MCS show reproducible yet inconsistent cognitive and intentional cortically-mediated behaviors 3 . Finally, exit-MCS patients exhibit functional communication or use of objects. However, this behavioral assessment has limitations and 15-20% of behaviorally-diagnosed VS/UWS patients show patterns of brain activity suggestive of higher states of consciousness 4-8 . Among the different brain-imaging techniques used, EEG has proved to be a reliable, non-invasive bedside tool to probe signatures of both conscious state and conscious access to external stimuli in DoC patients 9-15 . Specifically, increases of spectral power, complexity and functional connectivity in the theta-alpha bands correlate with state of consciousness, but the specificity and causal value of these putative signatures of consciousness remain to be demonstrated. The combination of such behavioral and EEG measures seems optimal to assess in detail possible improvements of consciousness during treatment with new therapeutic techniques.

Encouraging results have been obtained on DoC patients with invasive electrical stimulation of the brain 16-19 and recently, transcranial delivery of a low intensity electrical 188 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 3/17 current over the scalp with tDCS 20-22 . However, the efficacy of tDCS is debated 23-25 , and its mechanisms have not been established yet.

In this prospective case-control open-label study, we evaluated the impact of prefrontal tDCS (Figure 1A) on both the behavior and quantified electrophysiological measures of conscious state and conscious access. We then investigated the possible mechanism of action of tDCS by correlating the electrophysiological response to the applied electric fields estimated from individual patients' head and brain MRI anatomy.

RESULTS

Behavioral response after one tDCS session

Between October 2015 and September 2018, among 69 eligible DoC patients, 66 patients were treated prospectively with a single 20 minutes tDCS session with the anode placed over the left dorsolateral prefrontal cortex and the cathode over the right supraorbital cortex same parameters as previously reported in DoC patients 21 . The effects of this tDCS session were evaluated by a combined behavioral and electrophysiological assessment using CRS-R and high-density EEG recordings at rest and during an auditory oddball paradigm immediately before and after the stimulation (Figure 1). Among these, 60 patients could be included in the study (one was comatose, one had a seizure during EEG and four had insufficient EEG data for subsequent analyses, SI section B1, Figure S1). This cohort was composed of 24 VS/UWS, 32

MCS and 4 exit-MCS patients (SI section B1, Table S1). Response to tDCS (R+), defined as an increase of the CRS-R score after stimulation as compared to before, was observed in 12 patients (20%): 4 VS/UWS (16.7%), 7 MCS (21.9%) and 1 exit-MCS patients (25%), without differences across groups (p>0.8, Fisher's exact test). This resulted in a change in consciousness state in 3 patients, one VS/UWS shifting towards MCS and two MCS shifting towards exit-MCS (Figure 1B and1C). This proportion of R+ is close to the 27% reported in a double-blind randomized trial with the same stimulation parameters 21 . Conversely, non-responders (R-) were defined by CRS-R scores that were either stable or decreasing after tDCS. Interestingly, none of the patients showed a decrease of CRS-R score. Overall, CRS-R score changes after stimulation were significantly larger than zero (p=0.002, Wilcoxon signed-rank test, effect size r=0.28 [0.21-0.36]). No significant differences were found between R+ and R-populations in their demographic characteristics (age, sex, etiology and time since injury), and, importantly, neither in their vigilance before tDCS, nor data preprocessing (SI section B1, Table S2). 
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Behavioral response to tDCS (A) Study protocol timeline showing the behavioral (Coma Recovery Scale-revised (CRS-R) and electrophysiological (resting-state (RS) and auditory oddball paradigm (task-EEG)) measures of the effects consecutive to a single transcranial direct current stimulation (tDCS) session. (B) Individual patients' CRS-R scores before and after tDCS are represented for responders (R+, in black) and nonresponders (R-, in gray), together with the number of patients and their state (symbols). (C) The proportion of each state of consciousness, before and after tDCS showed an increase in the higher states of consciousness (exit minimally conscious state (EMCS) and minimally conscious state 'plus' (MCS+)), at the expense of lower states of consciousness (vegetative state/unresponsive wakefulness syndrome (VS/UWS) and MCS 'minus' (MCS-))

.

Spectral power and connectivity in the theta-alpha band increase in responders to tDCS

We first analyzed the interaction between resting-state brain activity and the behavioral response after tDCS stimulation using 5-minutes of EEG acquired before and after stimulation.

To that end, we computed putative signatures of conscious state on both recordings using an automated procedure reported previously 26 (see Methods). We then tested whether these EEG signatures were modified by tDCS differently in R+ than in R-, using the following contrast: θ) and weighted symbolic mutual information in the theta-alpha band (wSMI θ) over the 224 scalp electrodes according to the behavioral response to tDCS. After minus before differences are presented for both non-responders (R-) and responders (R+) (left columns), followed by the contrast between the two (middle columns) and the corresponding statistical comparison using a two-steps spatial cluster-based permutation approach (right columns). Significant centro-parietal clusters were found for |θ| and |α| power (p=0.0343 and p=0.0425) and for wSMI θ (p=0.0114). Absolute t-values are plotted with a red color scale when a significant cluster was found and in grey otherwise. Electrodes forming the cluster are highlighted by white circles. Power Spectral Density. As compared to R-, R+ showed a significant increase after the stimulation in normalized theta power with a topography maximal over the parietal cortices (p=0.03, effect size g=0.92 [0.56-2.03]; Figure 2). Similarly, we observed an increase of both raw and normalized alpha power (p=0.01, g=0. 3A). These differences between R+ and R-were explained by an increase after the stimulation in R+ patients (p=0.02, g=0.81 [0.54-1.21]), while no significant change was found in R-patients (Figure 3B). We found no differences between R+ and R-in functional connectivity.

[post -pre] in R+ > [post -pre] in R-.
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Note that tDCS effects did not appear systematically different for any of these markers when comparing VS/UWS patients to MCS and exit-MCS patients (SI section B3, Figure S3).

A neural signature of conscious access improves in responders to tDCS

In addition to resting state, we assessed the impact of tDCS on the ability of patients to detect auditory regularities during an oddball paradigm (modified from 27 , a task known to require conscious access to auditory novelty. Patients were instructed to actively count the occurrence of auditory oddballs (series of 4 identical tones followed by a 5 th distinct tone; 20% of trials) delivered randomly among series of 5 identical tones (standard trials; 80% of trials).

We computed the event-related potentials (ERP) to deviant tone minus standard tone, before and after tDCS, and compared R+ with R-using the same interaction contrast as for the resting state. Five EEG recordings were discarded after automatic assessment of data quality. The analysis performed on the 55 remaining datasets (11 R+ and 44 R-) revealed a significant positive and left-lateralized anterior cluster spanning from 28 ms to 376 ms after the onset of the 5 th sound (p=0.008, g=1.40 [0.84-1.93], Figure 4A). Pre/post comparisons localized the origin of this effect to two significant clusters in R+ patient (a first posterior cluster from 52-312 ms, p=0.03, g=-0.96 [-1.52--0.38] and a second left-lateralized anterior cluster from 68-392 ms, p=0.02; g=1.26 [0.78-1.84]) while no difference was observed in R-patients (Figure 4B and SI section B5, Figure S5A). Note also that although this ERP response started early after the 5 th sound it was sustained in time and peaked around 200 ms as a typical P3a component 28,29 .

We supplemented this univariate analysis with a multivariate temporal generalization decoding method 30 in order to better characterize the dynamics of ERP independently from their spatial distribution. This is particularly helpful in studies involving brain-injured patients in 4C). While R-patients did not show significant clusters when comparing before and after tDCS recordings, R+ patients did show a significant increase of trial class decoding, corresponding to two late and sustained clusters (~300-600 ms after fifth sound onset; both p<0.04; r=0.78 [0.61-0.85]; Figure 4D and SI section B5, Figure S5B).

Notably, this increase of decoding performance after tDCS assumes a square shape from around 300 ms to 600 ms on the generalization matrix, suggesting a metastable underlying brain activity in this time window 31,32 , evocative of the late P3b signature of conscious access to the violation of auditory novelty 33 .

Taken together our results show that clinical behavioral assessment of response to tDCS was characterized by an all-or-none difference: while the R+ group showed a significant effect including a late P3 signature of conscious access to violations of auditory regularities, no such responses could be detected in the R-group, neither with a univariate nor with a multivariate measure.

Multivariate prediction of conscious state increases in responders to tDCS

Beyond univariate measures, we also assessed if a behavioral response to tDCS was associated with an improvement in a multivariate EEG-based prediction of conscious state. To that end, we used the support vector machine classifier previously reported to distinguish VS/UWS from MCS using 68 resting-state EEG features (averages and fluctuations over time and space of the univariate markers above). This algorithm was trained on a previously published database of 142 EEG recordings obtained from 98 patients (75 VS/UWS and 67 MCS) 13 . For each patient we computed the prediction of being classified MCS, before and after tDCS, and used a nonparametric analysis of repeated measure factorial design with MCS prediction as the dependent variable, the behavioral response as between-subject factor (R+ vs. R-), and stimulation as within-subject factor (pre-vs. post-tDCS). While no main effect of either stimulation or behavioral response was observed, a significant stimulation by behavioral response interaction was present (F(1, 58)=4. 10/17

Electrophysiological response correlates with electric fields intensity in prefrontal cortices

So far, we showed that behavioral improvement of consciousness after tDCS was paralleled by an enrichment of objective EEG measures of both conscious state and conscious access. In order to assess whether this enrichment of EEG activity was specifically mediated by tDCS, -and if so, by which mechanisms -, we then investigated the relation between EEG changes and tDCS-induced electric fields.

Several mechanisms of action of tDCS have been proposed, including modulation of neuronal excitability 34 and effects on synaptic plasticity 35 . These two mechanisms, which have been conclusively demonstrated in in-vitro and in-vivo animal studies are driven by the polarization of the neuronal membrane that is brought about by the applied electric field. This polarization increases linearly with field strength 34 and it is therefore reasonable to assume that effects on neural function scale with electric field magnitude. There are some concerns that conventional protocols are sufficient in terms of field intensity to affect neuronal circuits 36 , and more recently there also have been suggestions that the effects of transcranial stimulation may result from the activation of peripheral nerves and in particular scalp sensations which have been well-documented 37 . These peripheral effects also scale with electric field magnitude by virtue of the same membrane polarization of peripheral nerves. To determine the possible mechanism of action of the stimulation in our population, and disentangle cortical vs. peripheral effects, we analyzed the relation between electric fields in brain and scalp on the one hand and EEG effects on the other.

To that end, we estimated tDCS-induced electric fields in the entire head of patients, based on available T1-weighted MRI (n=47). We then correlated electric fields across patients with the pre/post difference in EEG effects. For EEG we used the multivariate predictor of conscious state described in the previous section. Correlation analysis was limited to areas with mean electric fields likely to have a physiological effect, i.e. >0.5 V/m 38,39 . Areas with positive correlations included both left-dorsolateral and supraorbital prefrontal cortices close to stimulating electrodes (r=0.433, p=0.007, permutation test), while negative correlations were exclusively confined to the adjacent scalp (r=-0.432, p=0.036, permutation test, Figure 5). It is hard to reconcile a peripheral effect of skin sensation with negative correlations; whereby stronger EEG effects coincide with weaker sensations. Instead, the results suggest that stronger fields in frontal cortical areas improved EEG markers of consciousness.

196 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS To determine the mechanism of action of tDCS, the pre/post change in EEG multivariate prediction of consciousness was correlated with tDCS-induced electric field distribution modeled on single-subject anatomy using T1-weighted MRI (n=47 patients). Correlations were restricted to areas with electric fields likely to have a physiological effect using a cut-off of mean electric fields>0.5 V/m. Multivariate EEG prediction of consciousness significantly correlated with higher electric fields in superficial cortical areas close to the stimulating electrodes (left dorsolateral prefrontal cortex and right supraorbital cortex) and with lower electric fields in the adjacent skin (voxel-wise significant positive (red) and negative (blue) correlations with p<0.01 uncorrected). The average correlation coefficient in the areas with were 0.433 and -0.432 in the areas with positive and negative correlations respectively. A statistical analysis on the strength of these mean correlations using 10000 permutations yielded p=0.0069 and p=0.0359 respectively (similar results were obtained when analysis was limited to areas with mean electric fields>1V/m, not shown).

DISCUSSION

In this study, we characterized the behavioral and electrophysiological responses to a single session of left-dorsolateral prefrontal cortex tDCS in the largest cohort of DoC patients to date. We first showed that behavioral improvement of consciousness was associated with an increase of resting-state putative markers of conscious state, together with the emergence of a neural signature of conscious access to auditory novelty. Then, we linked these electrophysiological changes to tDCS by showing a positive correlation between electrophysiological response and electric fields in prefrontal cortices, while a negative correlation was observed at the scalp.

In spite of the open-label design, several arguments strongly support a clinically relevant, genuine impact of tDCS. First, we replicated the response rate of a previous randomized controlled trial using the same stimulation parameters 21 . Second, this response rate exceeded the changes associated with spontaneous fluctuations observed in the literature 40 , and the short delay between evaluations (<2 hours) limited potential confounding factors that could account for the observed effects independently of tDCS (e.g. medications, sepsis,…). Lastly tDCS acts, but also because proper blinding with a standard sham stimulation procedure seems difficult or even impossible to achieve 41 .

The parallels between behavioral improvements and enhancement of putative EEG signatures of consciousness adds to our understanding of the neurophysiology of consciousness.

Indeed, these results support the direct, if not causal, relationship between improvement of consciousness and increases in theta-alpha frequency power and functional connectivity (in coherence with the case reports of 4 patients 42 and vagus nerve stimulation in one patient 17 ). So far, evidence was merely correlational, stemming from observational studies with inter-subject comparisons of separate populations of VS/UWS and MCS patients. Importantly, the findings from the present interventional study with intra-subject design and short inter-assessment delay indicate that these markers are not only specific to consciousness, but also sensitive to subtle behavioral improvements. Our study also emphasizes the central role of posterior associative cortices and posterior long-range functional connectivity in the theta band as key elements of consciousness 11 , which could be the substrate for distant neural networks to generate coherent and sustained patterns of large-scale activity as proposed by the Global Workspace theory of consciousness 43,44 . Similarly, the all-or-none difference between R+ and R-during the oddball auditory paradigm supports the postulate identifying the P300 to a specific signature of conscious access 27,45-47 . This is also consistent with previous findings of an increase P300 amplitude in MCS patients after repetitive tDCS 48 .

Our study also enriches the understanding of the mechanisms by which tDCS can elicit improvements of consciousness. Previous studies using fMRI in healthy subjects showed that anodal-tDCS over the left-dorsolateral prefrontal cortex could modulate the functional connectivity between prefrontal cortices and thalamus 49 . Yet, very few studies have investigated the electrophysiological effects of tDCS in DoC patients. Some studies, focusing on differentiating tDCS impact based on the patients' state of consciousness, showed an impact of tDCS on cortical excitability 50 and long-range coherence 51,52 to electric fields magnitudes in the brain. tDCS effects on the brain are thought to rely on direct modulation of neuronal excitability 34 or of synaptic plasticity 35 driven by the applied electric fields. However, some have proposed also indirect effect through the activation of peripheral nerves and in particular skin sensations 37 . The association between electric fields magnitude with an objective EEG measure, unrelated to behavioral assessment, is a strong argument for an effect of tDCS in our population. Furthermore, the significant positive correlations we found between the electrophysiological response and electric fields over frontal cortical areas and negative correlations at the skin point to a cortical origin of the tDCS-related gains and against peripheral effect of skin sensations. The left-lateralized anterior topography of the P300 component, encompassing the anodal site of tDCS, also supports a relation between stimulation sites and enhancement of specific cortical networks. Finally, some R+ patients only improved their vigilance sub-score of the CRS-R, suggesting a cortically-mediated activation of the ascending reticular activation system. Together with the electric field distribution, the identification of specific spectral power and connectivity signatures of consciousness could pave the way for the development of more efficient stimulation tDCS strategies such as individually tailored electrode montages based on patient neuroanatomy. Indeed, the substantial heterogeneity in behavioral response to electrical stimulation 53 may originate from inter-subject variability in brain anatomy underlying stimulating site 54 . A recent study of prefrontal tDCS delivered during a decision-making task demonstrated that prefrontal cortical morphology differences between healthy subjects accounted for more than one third of the variability in tDCS efficacy 55 . This may be even more critical in DoC patients who suffer from various and severe brain lesions 56-58 , and in whom response to tDCS depends on residual brain metabolism and grey matter integrity 59 . Our innovative modeling approach could herald the individual adaptation of transcranial electrical stimulation parameters to improve its therapeutic power on disorders of consciousness.

Our study is encouraging as it provides additional evidence in favor of an effect of tDCS in DoC patient together with a mechanistic account of the improvement of consciousness by modulating residual cortical activity and cortico-cortical connectivity in this population.

MATERIAL AND METHODS

In this prospective case-control study, our main goal was to evaluate the impact of tDCS on brain activity (EEG) according to the presence/absence of behavioral response. In order to do that, we did a combined behavioral and electrophysiological assessment immediately before and after a single tDCS session (Figure 1A, see below). 

Transcranial direct current stimulation (tDCS)

The stimulation consisted of a single open-label 20 minutes session of anodal tDCS stimulation over the left dorsolateral prefrontal cortex of 2 mA. The anode was placed over the left dorsolateral prefrontal cortex and the return electrode was placed over the right supraorbital frontal cortex (respectively F3 and Fp2 in the 10-20 international system EEG placement).

Stimulation was delivered using Neuroelectrics Starstim 8 system ®, through 25 cm 2 circular sponge electrodes soaked with saline solution. Impedance were kept below 10 kΩ during the whole stimulation session. We choose this montage to match previous studies of tDCS in DoC patients. 

Behavioral evaluation

State

Electroencephalography analyses

Acquisition

The electrophysiological effect of tDCS were assessed using a 5 minutes resting-state EEG and an auditory oddball ERP paradigm, derived from the previously published local-global paradigm 27 designed to elicit automatic (mismatch negativity 60,61 and P3a) and conscious (P3b) signatures of the detection of an auditory novelty 28,29 (SI Appendix A1). Scalp EEG were recorded at a sampling rate of 250 Hz using a NetAmps 300 Amplifier (Electrical Geodesics, Eugene, Oregon) with a high-density sponge based 256 channels HydroCel Geodesic Sensor Net (Electrical Geodesics) referenced to the vertex. Importantly, the EEG cap was left in place throughout the tDCS session (stimulation electrodes were slithered underneath the EEG net) and before each recording, impedances were set below 100 kΩ.

Preprocessing

EEG data were processed using an automatized and hierarchical pipeline for artefact removal and extraction of EEG-measures previously described 13,15,26 . Written in Python, C, and bash shell scripts and based on open source technologies, including the software MNE 62 , the preprocessing workflow proceeded as follows:

EEG recordings were band-pass filtered (using a Butterworth 6th order high pass filter at 0.5

Hz and a Butterworth 8th order low pass filter at 45 Hz) with 50 Hz and 100 Hz notch filters.

EEG during task were cut into epochs according to the onset of the fifth sound (800 ms before and 740 ms after) and resting-state EEG into 800 ms epochs with a 550 to 850 ms random jitter in-between (since this step is random, the preprocessing was repeated 100 times and subsequent measures were averaged over the 100 iterations). Channels that exceeded a 150 µV peak-topeak amplitude in more than 50% of the epochs were rejected. Channels that exceeded a z-score of 4 across all the channels mean variance were rejected. This step was repeated two times.

Epochs that exceeded a 150 µv peak-to-peak amplitude in more than 10% of the channels were rejected. Channels that exceeded a z-score of 4 across all the channels mean variance (filtered with a high pass of 25 Hz) were rejected. This step was repeated two times. The remaining epochs were digitally transformed to an average reference. Rejected channels were interpolated.

EEG were deemed to pass this preprocessing step if at least 75% of the channels and at least 30% of the epochs were kept. To allow for the assessment of the electrophysiological effects of tDCS, only sessions in which both before and after stimulation recordings (either resting-state EEG or EEG during the task) passed the preprocessing stage were included in the analysis. For all subsequent EEG analyses, we only kept scalp electrodes (224 channels over 256).

Resting-state EEG analyses

Quantitative markers

Seventeen quantitative markers in three different domains were derived from the resting-state EEG recordings as in Sitt et al. 13 and Engemann et al. 15 :

-Spectral domain:

Power spectrum density in each frequency band (δ: 1 -4 Hz; θ: 4 -8 Hz; α: 8 -12 Hz; β: 12 -30 Hz; γ: 30 -45 Hz) were computed using Fast Fourier Transformation with the Welch method with a periodogram of 512 ms with 400 ms overlap. Raw and normalized spectral power (the sum of power in a frequency band reported to the power on all frequency bands of the spectrum sum) are reported for each frequency band.

Spectral entropy (characterizing the complexity of the spectrum), median spectral frequency, spectral edge 90th and 95th were computed.

-Connectivity:

Functional connectivity was assessed using the weighted symbolic mutual information (wSMI).

This metric, able to capture non-linear coupling between pairs of electrodes, was introduced by All the markers were first computed at the single subject level: a value was obtained for each epoch at each channel (or channels pairs for the wSMI). Values were then averaged over the epochs using the trimmed mean 80% (mean of the distribution after trimming the 10% lowest and 10% highest values, a robust estimator of central tendency 63 to obtain a two-dimensional topographical representation over the 224 scalp electrodes for each subject. As the wSMI quantifies the shared information between electrodes, it was computed at each pairs of scalp electrodes (224X(224-1)/2 = 24976) and represented in a three-dimensional space. In addition, a two-dimensional representation was also obtained by resuming the value at each electrode by the median value of wSMI between one electrode and all the others. This averaging is closely related to the degree measure of the network in graph theory and highlights the sensors that have the strongest connections with other sensors, thus identifying hubs of connections. All analyses were done at the group level, using the mean across groups.

Multivariate Pattern Analysis (MVPA)

In addition to the effect on single markers, we assessed the overall effect of tDCS on brain activity using a MVPA approach as previously described by Sitt et al. 13 . We used a linear Support Vector Classifier to predict the MCS-diagnosis (as opposed to VS/UWS) from the resting-state EEG derived markers. To that end, the 17 previously described markers were summarized using all four combination between their averages and fluctuations over time (trimmed mean 80% and standard deviation over the epochs) and space (mean and standard deviation over the scalp) resulting in 68 features for each subject. The support vector classifier algorithm using these features was trained against a previously published database of 142 EEG recordings (68 MCS and 75 VS/UWS) in 98 different patients 13,15 with a 20% features selections (best 20% features on univariate analysis using F-tests) and 5-fold stratified crossvalidation with a penalization parameter C, chosen by nested cross-validation among the values = [10 -6 10 -5 10 -4 10 -5 10 -4 10 -3 10 -2 10 -1 ] using a grid-search method. The algorithm was then tested on each participants' resting-state EEG to compute the classifier's prediction of being MCS according to the brain activity both before and after the tDCS session separately. We used the Platt scaling method to obtain probabilities (between 0 and 1) from the classifier's output.

The change induced by tDCS was obtained by subtracting the probability when tested on the
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18/17 resting-state EEG before stimulation from the probability when tested on the resting-state EEG after stimulation. We used the scikit-learn software for machine learning 64 .

Auditory oddball analyses

For the analysis of EEG during the auditory oddball paradigm, data were further low-pass filtered at 20 Hz and baseline corrected over the first 800 ms (from the beginning of the trial to the onset of the fifth sound).

ERP topographies

We first analyzed group-level event-related potentials (ERP) elicited by the auditory oddball paradigm. These were obtained by averaging trials of each condition with the trimmed mean 80% (across trial) over the scalp channels at the subject-level. We then computed group-level Results are reported by the mean +-standard error of the mean.

ERP

Temporal generalization decoding

As classical ERP analyses are prone to a high inter-subject spatial variability, especially in brain-lesioned patients, we completed the topographical analyses with the analysis of the temporal dynamic of the ERP. To that end, with used the Temporal Generalization decoding method described by King et al. 30 . This MVPA approach relies on the training of a classifier at each time point of the trial to distinguish deviant from standard trials at the single-subject level.

Each classifier was then tested not only on the time sample it was trained on, but also on every other samples of the trial to see if decoding performances generalized in time. This procedure thus allows to extract patterns of brain activations associated with different cognitive tasks based on their temporal dynamics. This procedure has previously been applied to an auditory oddball paradigm and showed that the violation of auditory regularity led to two kinds neural activation patterns: an automatic, early and short-lived response to auditory novelty and a late and sustained (200-700 ms) pattern associated with the conscious access to the auditory novelty.

This latter pattern probably reflects the same processus as the one engaged in the generation of the P300 during the same paradigm 33 . Here we applied this MVPA procedure using linear support vector classifier (with 10 iterations of a stratified 5-fold cross-validation). Performances of the classifiers were expressed as the area under the curve (AUC). air. This ensures among other things, that brain tissue is surrounded by the CSF 69 . For validation purposes, two MRIs of the present patient population with prominent enlarged ventricles were manually segmented. We find that improved performance in terms of Dice score for the DCNN as compared to SPM8 (SI section B6, Figure S6). In the end, 47 MRI could be successfully segmented using this procedure and 9 had to be discarded due to insufficient quality (mainly because of movement artifacts).

Current flow modeling

The segmented tissues output from the DCNN were feed into an open-source software ROAST 70 to model the current-flow in the entire head volume. Electrodes were placed automatically by ROAST at positions F3 and Fp2 on the scalp. Electrodes were modeled as a disc with 25 cm^2 cross-sectional area and 2 mm thickness. Finite element meshing and solving were subsequently performed in ROAST fully automatically. Boundary conditions were set as 2 mA current injected at electrode F3, and 2 mA flowing out of electrode Fp2. Literature tissue conductivity values were used 71 . To facilitate the voxel-level correlation analysis that is described in the next section, we registered and warped the electric field magnitude in each subject to the MNI152 standard head (version 2009a 72,73 ). This was done by using the Unified Segmentation function 65 together with the DARTEL toolbox in SPM8 74 . Specifically, Unified

Segmentation was run on the MRI of each subject, using the MNI152 standard head as the reference, during which a warping field from individual MRI to the standard head was estimated. The DARTEL function was then used to apply the estimated warping field on the electric field magnitude output from ROAST. In this way the field magnitude in all the subjects are co-registered with the voxel space of the standard head. The advantage of DARTEL over conventional affine transform is that it is capable of applying different warping field locally to different part of the image volume, and thus transforming different head shapes in each subject to a common shape represented by the standard head. This detailed alignment is important as fields differ drastically between cortical surface, CSF, bone and skin (due to very different conductances). Since these structures are all very thin, incorrect alignment results in a mismatch of tissue types across subjects, with potentially larger errors when correlating the EEG regressor variable with field magnitudes across subjects.

Statistical analyses

We first assessed the effect of prefrontal tDCS on both the behavior and a set of comprehensive and quantified electrophysiological markers of consciousness. To that end, we compared the EEG-derived markers and on the ERP according to the behavioral response to tDCS. To further understand the origin of significant differences if any, we also tested the after vs. before difference in each group separately when appropriate. The same types of analyses were performed contrasting tDCS-induced effect according to the state of consciousness before stimulation (VS/UWS vs. MCS and exit-MCS). Lastly, to understand the origin of these electrophysiological changes after tDCS, we correlated electric fields modeled on individual patients' brain anatomy with the EEG multivariate prediction of consciousness.

Behavioral analysis and population characteristics

Population baseline characteristics (age, sex, time since brain injury, etiology and CRS-R scores) between R-and R+ and between VS/UWS and MCS & exit-MCS were compared using a Mann-Whitney-U for continuous data and the χ2 test for categorical variables as appropriate.

In order to assess if there were differences in EEG data preprocessing between responders and non-responders, we used a non-parametric factorial analysis of repeated measure design. This procedure consists in a standard repeated measure analysis of variance (ANOVA) on aligned and rank transformed data 75 allowing for a more accurate assessment of the interaction term than with standard rank transformation. In this mixed design 2 by 2 design, we tested the effects of the behavioral response (between-subject factor: responder or non-responder) and tDCS stimulation (within-subject factor: before and after tDCS) on the number of channels/epochs rejected (dependent variable).

Electrophysiological data

For the analysis of multivariate MCS prediction, we used the same non-parametric factorial analysis with the behavioral response as between-subject factor and tDCS stimulation as the within-subject factor (before and after tDCS). All others resting-state EEG and auditory paradigm EEG analyses involved comparisons at multiple sensors and/or timepoints requiring a control procedure through permutations. However, there are debates on how permutations should be done in such a factorial design. In order to obtain a simpler contrast for the interaction term, we resumed the intra-subject effect of stimulation to the after minus before subtraction:

[post -pre] in R+ vs. [post -pre] in R-. This analysis allowed us to assess the interaction while robustly controlling for multiple comparisons through a cluster-based permutation approach 76 .

This two-step robust non-parametric procedure is able to control for the multiple comparisons over sensors and time by acknowledging the dependence between spatially close electrodes and timepoints. Firstly, a test statistic between the two groups was computed at each sample, i.e.
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22/17 each channel for the EEG markers, each channel-timepoint pair for the ERP and each channels pair for the temporal generalization decoding. Respectively, spatial, spatiotemporal and spatiospatial clusters were constructed using a connectivity matrix with the inclusion of the test statistic corresponding to a first step statistic p-value of 0.05. For each cluster identified, the sum of test statistic over sensors included in the cluster (the cluster mass) was computed. The second step relied on the creation of surrogate datasets by 10000 random permutations of the groups' labels to construct the distribution of the cluster mass under the null hypothesis that data from both groups are drawn from the same distribution. This allowed to estimate the probability of observing randomly each cluster constructed with the genuine data. As the first step statistic, we used a Welch test (unequal variance t-test, t-statitic) for the resting-state EEG markers analyses and the ERP topographies to compare mean voltage and a Mann-Whitney-U test (z-statistic) for multivariate analyses to compare median AUCs. For the additional analyses testing differences between after and before stimulation separately in each group, we used a dependent t-test and Wilcoxon Signed-Ranked test respectively. A type I error of 5% considered as significant. When present, we reported clusters' effect size, defined as the effect size computed after averaging over the electrodes and/or time-points constituting the cluster in both populations. For the resting-state EEG an ERP topographies, we used the Hedges' g coefficient 77 , which is an approximation of Cohen's d coefficient less prone to upward bias for small sample size. For the multivariate analyses, we reported the effect size measure r: 𝑟 = $ √& .

Where z is the z-statistic of the Mann-Whitney-U or Wilcoxon test and N the size of the populatio 78 (SI Appendix A2). All effect sizes are reported with their bootstrapped 95% confidence interval computed using 10000 iterations.

Correlation of electric fields with EEG multivariate prediction of consciousness

To better characterize the potential mechanisms of action of tDCS in our cohort, we correlated electric fields magnitude distribution to the pre/post difference in multivariate prediction of consciousness. We chose this parameter for several reasons. First, the electrophysiological assessment was entirely automated and thus not susceptible to experimenter bias, in contrast to the behavioral assessment by the clinician who was not blinded. Second, the behavioral assessment with the CRS-R scale only gave a binary answer, with improvements in 9 "responders". This small number of binary outcomes are not adequately powered to perform a whole-brain statistical analysis, in contrast to the graded outcomes of the electrophysiological assessment that is available for all 47 patients. Third, it is quite conceivable that there are Lastly, among all electrophysiological markers computed, we chose the MVPA prediction of consciousness because it systematically outperformed single EEG markers in predicting patients state of consciousness in previous studies 15 . The individual subjects pre/post differences were correlated with the individuals' electric fields in each voxel with mean electric field magnitude >0.5 V/m using Pearson correlation coefficients. This cut-off of electric field magnitude of at least 0.5 V/m in the average over 47 subjects was chosen based on fields magnitudes that are considered necessary to affect neural function (usually 1V/m or higher 39 , though some effects were reported with fields as low as 0.25 V/m 38 ; at a mean of 0.5V/m some subjects will have weaker, other subjects stronger electric fields in those areas). For the uncorrected statistics we used a cut-off of p=0.01, corresponding to a correlation coefficient of 0.327 for positive correlations and -0.327 for negative correlations (N=47 patients). To quantify the overall strength of these correlations and the probability of observing it by chance we took the mean of the correlation coefficients in those areas and used shuffle statistics with 10,000 random permutations of patients' labels. Note that the computational estimates of electric fields vary smoothly within a given tissue, such that correlation of one voxel naturally results in correlation of many neighboring voxels. Thus, extended areas of correlation (above the 1% threshold) are expected even for the null hypothesis of no correlation. As a result, size of the areas or the integral of the correlation over the area is not an appropriate metric. This motivated us to base the shuffle statistic more directly on the mean correlation coefficient as a measure of the strength of correlation.

Softwares

All statistical analyses were performed with python using scipy 79 , mne-python 62 and scikitlearn 64 

Short presentation

Context

The specific role of prefrontal cortex in conscious access has long been debated and some argue that prefrontal activity would reflect pre-or post-perceptual processes such as attentional modulation, executive control or reporting, rather than conscious access per se (section 1.1.3.5). In this context, non-invasive neuromodulation by tDCS, able to potentiate brain cortical excitability, provides a convenient way to probe the causal relation between brain structures and behavior (section 1.1.1.3) and specifically in this context to test the role of prefrontal cortex in conscious access (section 1.3.3.2). To date, only one tDCS study showed a causal implication of the prefrontal cortex in the conscious access to a visual stimuli using an attentional blink paradigm (Sdoia et al., 2019).

Given the properties of this type of paradigm, these results do not rule out an effect on attention rather than on consciousness.

Objectives and hypotheses

We thus designed an experiment combining tDCS stimulation and EEG recordings during a near-threshold visibility task to investigate the role of the prefrontal cortex in visual awareness.

Following the prediction of the experimentally-grounded GNW theory, we hypothesized that prefrontal cortex would be causally involved in the conscious access to visual stimuli and that tDCS stimulation of the prefrontal cortex would consequently improve conscious access as compared to sham stimulation.

Main findings

In this study, we applied anodal tDCS over the left dorsolateral prefrontal cortex during a visual backward metacontrast-masking paradigm with concurrent high-density EEG recordings in a double-blind randomized cross-over design. We measured both subjective and objective behavioral measures of visibility and P3b cognitive evoked potentials as well as scalp spectral power and connectivity measures from the EEG. At the group-level, contrary to our hypothesis, we did not find any effect of the tDCS stimulation neither on the conscious visibility of the stimulus nor on the P3b electrophysiological signature of consciousness. Using a Bayesian analysis framework, we even found evidence for the absence of effect of tDCS. These results were not explained by the lack of cortical modulation by the stimulation as we found significant but weak theta and alpha power changes induced by tDCS over the prefrontal cortex. However we found a significant correlation between prefronto-parietal tDCS-induced changes in normalized alpha power and subjective visibility suggesting that modulation of prefrontal activity by tDCS was indeed correlated with conscious access. and what is more through a direct cortical modulation as opposed to skin-mediated peripheral effects (Asamoah et al., 2019). Therefore, the potential mechanisms by which tDCS modulated visual awareness in the previous studies are still unknow. Yet, unraveling these mechanisms is mandatory to probe the role of the PFC in conscious access.

Conclusion

In this study, we explored the effects of anodal tDCS stimulation over the left-dlPFC on conscious access to visual stimuli using a backward metacontrast masking paradigm. We collected behavioral measures of stimulus visibility together with cognitive evoked potentials, and spectral power and connectivity measures during the task using high-density EEG recordings in a full within-subject randomized double-blind crossover design. Our objective was to investigate the joint behavioral and electrophysiological effects of tDCS stimulation in order to probe the causal role of the PFC in conscious access to near-threshold visual stimuli.

MATERIAL AND METHODS

Participants

This study included 20 right-handed healthy participants with normal or corrected-to-normal participants were prompted to performed two tasks. First, they were asked to perform a forcedchoice comparison of the numerical target with the digit '5' (objective rating). Second, they were requested to assess their visibility of the target by through a binary 'yes'/'no' answer (subjective rating) using a scale whose cursor was positioned in the middle of randomized two possible answers. Responses to both of these tasks were done key press on a computer keyboard (left and right arrow, space to validate visibility). Response hand were randomized across participants and switched in the middle of the experiment. Each sessions consisted in 400 trials, divided into 4 blocks of 100 trials. In each block, a target was presented in 80 trials (16 per SOA) whereas no target was presented ('mask only' condition) in the remaining 20 trials. These catch trials were used to compute signal detection theory measures (d' and c criterion) and to perform the mask subtraction procedure from the event-related potentials (ERP, see below).

tDCS stimulation

We applied active 2 mA tDCS stimulation with the anode over the left-dlPFC and the cathode over the right frontopolar cortex (F3 and Fp2 electrodes in the 10-20 international EEG system respectively), via a 8-channel Bluetooth-controlled stimulator (Starstim NE®, Neuroelectrics).

This active stimulation was compared to a sham stimulation identical in all respects except for the current intensity which after 30s of genuine 2 mA stimulation ramped down over 20s until complete cessation. In both cases, the stimulation lasted 20 min. In order to investigate the ability of subjects to distinguish active tDCS from sham stimulation, participants were requested to fill a French or English version of tDCS adverse effects questionnaire after each stimulation session (slightly modified from (Brunoni et al., 2011), see Supplementary material 1a). This questionnaire evaluated first, the presence and intensity of a set of prespecified sensations experienced during stimulation (from 0 to 3) and second, the extent to which subjects attributed these sensations to the stimulation (from 1 to 5).

Experimental design

We used a full within-subject design in which stimulation was administered in two sessions blind randomized cross-over order, meaning that both particpants and investigators were blind to the stimulation. In order to detect potential 'on-line' and/or 'off-line' effects of stimulation, each session comprised three blocks (before during and after stimulation) during which the behavioral task was performed with concurrent high-density EEG recordings. In addition to the EEG during the task, 3 minutes resting state EEG (eyes closed in a quiet and dark room) were recorded after the pre-stimulation task and after the post-stimulation task (Figure 1B). Finally, in order to stabilize subjects performances, the first experimental session began by a training followed by a staircase procedure aiming for 50% visibility at 50ms SOA by adjusting the target contrast for each participant (see Supplementary material 1b).

Event-related potentials analysis

Acquisition and preprocessing

High-density scalp EEG were acquired using 256 electrodes Hydrocel Geodesic Sensor Net on a Net300 Amplifier (Electrical Geodesic, Eugene, Oregon, USA) with a sample frequency of 250 Hz. Impedances were set to below 75 kΩ prior the start of each recording. EEG were preprocessed using a fully automatize procedure previously published (Engemann et al., 2015) and described in the supplementary material (see Supplementary material 1c). Schematically, EEG were band-pass filtered between 0.5Hz and 20 Hz, with 50Hz and 100 Hz notch filters, then cut into epochs from -300 ms to 800 ms according to the onset of the target and subsequently cleaned based on their voltage maximum amplitude (threshold 100 µV, except for one subject for which this criteria was too strict and thus used a 150 µV threshold for all his EEG recordings) and variability (threshold z-score 4).

Mask subtraction

In order to analyze evoked responses to the target without the confound of evoked responses to the mask, we proceeded to a mask subtraction procedure as in the Del Cul et al. study (Del Cul et al., 2007). We first realigned all epochs to the mask onset and computed the evoked response to the mask from the catch trials. We then subtracted this evoked response from all other trials.

Finally we realigned epochs on the target to obtain epochs stripped from the mask response (this procedure resulted in shortening the epochs which as a results went from -232 ms to 732 ms after target onset). 
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Spectral power and functional connectivity quantification

Additionally, we investigated the effects of the stimulation on power spectral densities (PSD) and connectivity measures computed on the EEG recorded during the task. For this analysis, EEG preprocessing was essentially the same as for the ERP analysis, except that the low-pass filter was set at 45 Hz. We computed raw and normalized PSD in delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz) and gamma band (30)(31)(32)[START_REF] King | Two distinct dynamic modes subtend the detection of unexpected sounds[END_REF](34)(35)(36)(37)(38)(39)(40)(41)(42)(43)(44)(45) and the weighted symbolic mutual information (wSMI), a functional connectivity measure capturing linear and non-linear coupling between sensors which relies on the symbolic transformation of EEG signal (King et al., 2013), in the same frequency bands (see Supplementary material 1c). All these measures were computed on the whole epochs and for each scalp sensor (n=224). Scalp topographies of PSD were obtained by averaging the epochs (irrespective of SOA) using the 80% trimmed mean for each blocks. Scalp topographies of wSMI measures were obtained by first computing the median connectivity of each sensor with all other sensors, before performing the trimmed mean averaging.

Statistical analyses

Behavioral data analysis

Two behavioral measures were computed for each session, block and SOA: the primary endpoint subjective visibility, defined as the proportion of trials qualified as 'seen', and the objective visibility, corresponding to the proportion of correct answers in the forced-choice number comparison task. Additionally, we used catch trials to compute the sensitivity index (d') and the c criterion measure of decision bias from the rates of hits, misses, correct rejection and false alarms using signal detection theory framework (see Supplementary material 1d). For each of these behavioral measures, we first used a frequentist approach as specified a priori in the study protocol. We performed 2X3X5 repeated measures type III analysis of variance Table 1). In order to understand these null findings, we complemented this frequentist approach by a Baseyian repeated measures analysis which confirmed the absence of effect of tDCS.

Indeed, Bayes factor showed extreme evidence in favor of the null hypothesis for both the double (BF01=100) and the triple interaction (BF01=125) on the subjective visibility and strong evidence in favor of the null hypothesis on the d' (BF01=15 and BF01=40). In addition to the absence of tDCS effect on the visual awareness of the stimulus, tDCS did not impact the objective visibility of the stimuli either: F(2,36)=0. No group-level effect of tDCS on ERP signature of consciousness Since we did not find any behavioral effect of tDCS on the visual awareness of the stimuli at the group-level, we wondered if tDCS could have induced only electrophysiological effects on one proposed EEG signature of conscious access, namely the P3b ERP component.

We thus computed ERPs to the target stimulus with a mask subtraction procedure and extracted in each recordings the mean amplitude over the 300-500 ms period after target onset over a Pzcentered ROI. Again, as expected, the mean P3b amplitude followed a sigmoid increase with the SOA (main effect of SOA: F(4,68)=5.91, p<10e-4, BF10>10 4 (Figure 3A, 

Significant modulation of brain electrophysiological activity by tDCS

This absence of behavioral and electrophysiological effect of left-dlPFC tDCS stimulation could either indicate that PFC is not involved in visual awareness, or that tDCS failed to elicit a relevant modulation of brain activity. We thus asked ourselves if tDCS yielded any kind of cortical excitability changes. To answer this question, we computed scalp PSD and wSMI connectivity measures on EEG recorded during the task before and after stimulation and compared changes induced by 2 mA versus sham tDCS stimulation. Active 2 mA tDCS stimulation yielded a significant modulation of theta and alpha power over the left-dlPFC stimulated region, with significant raw theta PSD left anterior cluster, p=0.0386, Hedge's g effect size g=-1.07, normalized theta PSD left anterior cluster, p=0.0477, g=-1.01, raw alpha PSD bilateral anterior and left-lateralized central cluster, p=0.0156, g=-1.07 and a trend towards significant normalized alpha PSD parietal cluster, p=0.0980, g=-0.80. This modulation roughly corresponded to a lower increase of power in these frequency bands after This suggests that their results, as ours, could reflect a modulation of alpha power by tDCS.

In addition, we found that in subjects in which the visibility was improved by the stimulation, a significant modulation of brain activity was not only observed over the stimulated PFC region but also over the parietal regions. This strongly supports the role of PFC in conscious access and especially of prefronto-parietal interactions, although it does not imply causation. These findings are thus consistent with the identification of activity within a largescale prefronto-parietal network when contrasting various subliminal from consciously perceived stimuli ( 

CONCLUSION

Subjective visibility of near-threshold visual stimulus seemed to be influenced by fronto-parietal alpha power modulation induced by left prefrontal cortex tDCS, suggesting a role of these structures in conscious access. However, our study mostly shows that tDCS effects are heterogeneous. Therefore concomitant electrophysiological investigations are mandatory to understand its behavioral effects. 

Objectives and hypotheses

Given the postulate of the role of fronto-parietal long-distance communication in consciousness, we hypothesized that its manipulation through tACS would modulate conscious access of near-threshold visual stimuli. We thus applied in-phase and anti-phase theta left fronto-parietal stimulation during the same visual backward metaconstrast-masking task as in the previous experiment and hypothesized that synchronized (in-phase) stimulation would facilitate the conscious perception of the stimuli, whereas opposite, desynchronized (anti-phase) stimulation would alter conscious perception.

Main findings

As expected, anti-phase tACS resulted in a significant decrease of consciously perceived stimuli, observed across all stimulus onset asynchronies and outlasting the stimulation period. However, in-phase tACS tended to have the same effect on subjective visibility. Interpretation of the results within the signal detection theory framework suggested that in-phase and anti-phase stimulation decreased the visibility through different mechanisms, at the perceptual stage and postperceptual decision stage respectively.

Conclusion

While these results indeed suggest an essential role of fronto-parietal theta synchrony in visual awareness, this relation might be more complex than initially thought and needs to be explored more precisely through the analysis of the electrophysiological brain response to stimulation.
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Investigating the role of fronto-parietal communication in conscious access to visual stimuli in healthy conscious subjects Authors Bertrand Hermann Three types of stimulation were used over the three different sessions: in-phase (0° phase difference between F3 and P3) and anti-phase (180° phase difference between F3 and P3) active stimulation (1000 µA peak-to-peak intensity) and a sham condition (1000 µA current lasting for 30 seconds followed by a slow decrease over 20 seconds until cessation).

Study design

Each participant performed three different experimental sessions (in-phase, anti-phase and sham stimulation) in a double-blind cross-over randomized order. Each session was organized as follows: a pre-stimulation block with concurrent behavioral task and EEG recordings, followed by a 3 minutes resting-state EEG recordings, then a during-stimulation block with the tACS stimulation delivered a the same time as behavioral task, and finally a post-stimulation block with again concurrent behavioral task and EEG recordings, followed by a 3 minutes resting-state EEG recordings (Figure 1B). In addition, the first session began with a training and a staircase procedure to stabilize the performances of subjects and to define the contrast equating 50% visibility at 50 ms SOA, kept throughout all subsequent sessions. At the end of each session, participants were asked to fill the transcranial Current Stimulation Adverse Effects questionnaire (Brunoni et al., 2011).

Sessions were separated from a wash-out period of at least 48h. 

Analyses

Behavior

As pre-specified in the study protocol, the primary endpoint was the subjective visibility rating in order to study conscious access to a visual stimuli. We also analyzed the discrimination performances assessed by the objective visibility rating. Additionally, the catch trials allowed us to compute two other metrics derived from the signal detection theory using the rates of hits, misses, false alarms and correct rejections: the sensitivity index (d') and the c decision criterion.

We performed group-level analyses of each one these metrics using type III 3X3X5 withinsubject (repeated measures) analysis of variance (ANOVA) with stimulation (in-phase, antiphase and sham stimulation), block (before, during or after stimulation) and SOA (16, 33, 50 , 66 or 83 ms) as within-subjects explanatory factors with full interactions. In case of departure from sphericity assessed by Mauchly test, p-values were corrected with Greenhouse-Geisser procedure.

Softwares

Python (version 3.6.7) was used for task and stimuli delivery using psychopy (Peirce, 2007).

Statistical analyses were performed with R (version 3.3.2, 2016-10-31) using afex package.

RESULTS

Subjects were unable to distinguish stimulation type

In order to attribute any potential behavioral effect to the stimulation, we first controlled that blindness of particpants to stimulation was guaranteed, that they couldn't differentiate stimulation conditions. To that end, we analyzed the responses to transcranial electrical current stimulation Adverse Effects questionnaire filled by participants after each stimulation session.

First participants were asked to rate predefined symptoms they might have experienced during the stimulation, from 0 (no experience) to 3 (severe intensity) and second, to quantify the extent to which they attributed these sensations to the stimulation, from 1 (unrelated to stimulation) to 5 (definite relation). For each session, we resumed these two metrics by the mean value of ratings of all the predefined sensations. We did not find significant differences between inphase stimulation and sham nor between anti-phase stimulation and sham, neither regarding the sensations experienced during the stimulation (mean score of 0.24 ± 0.28 for in-phase stimulation vs. 0.17 ± 0. 

Quality control of individual performances

Before group-level analysis, we first checked individual performances to ensure all participants correctly understood and performed the task. This analysis revealed an atypical pattern for one subject, which was thus excluded from further analyses. Indeed, this participant had flat visibility ratings around 40% for all SOAs, irrespective of target presence. This quality control also showed that individual subjective visibility threshold laid around 33 ms despite the staircase procedure used to determine a personalized contrast for which ~50% of the target would be seen at 50 ms SOA.

tACS decreased subjective visibility of the stimulus

Significant modulation of subjective performance by tACS

We first analyzed the subjective visibility of the stimulus as the main measure of conscious access to near-threshold visual stimuli by performing 3X3X5 repeated subjects (within-subject)

ANOVA with stimulation type (in-phase, anti-phase and sham tACS), block (pre-, during and post-stimulation) and SOA (16, 33, 50, 66, 83 ms) as explanatory factors. Subjective visibility across conditions are presented in Figure 1A and Table 1. As expected, we found that subjective visibility increased with SOA following a sigmoid curve as shown by the significant main effect of SOA, F(4, 64)=184.4, p<10 -4 . The ANOVA revealed a significant stimulation*block interaction, F(4,64)=2.7, p=0.0490, suggesting a significant modulation of the subjective visibility performances by stimulation as compared to baseline. However, this modulation seemed not to differ between SOA as no significant triple stimulation*block*SOA interaction was found, F(16,256)=1.3, p=0.2379, despite a maximum decrease in stimulus visibility on 33 and 50 ms SOA (Figure 2A). In order to precise this significant effect of stimulation, we thus 

Anti-phase stimulation induces a decrease of subjective performance outlasting stimulation

For each period, we performed a one-way ANOVA with the three stimulation type as independent variable and the subjective visibility AUC as the dependent variable. This analysis confirmed the significant modulation of subjective performances by stimulation type over both ON-(F(2,32)=3.7, p=0.0399) and OFF-stimulation periods (F(2,32)=3.6, p=0.0394). Post-hoc pairwise t-test showed that these effects were explained by a decreased AUC during anti-phase stimulation as compared to sham (mean subjective visibility AUC -0.23 ± 0. We performed similar analyses on the objective discrimination assessed by forced-choice comparison of the target stimuli to the number 5. Results are presented in Figure 2 and Table 1. As for the subjective visibility, objective discrimination increased as a function of SOA, F(4,64)=134.28, p<10 -4 . Furthermore, a significant triple stimulation*block*SOA interaction was observed, F(16,256)=2.4, p=0.0210. We further investigated this triple interaction by testing separately each active stimulation against sham for both ON-line and OFF-line periods over the different SOA. Objective discrimination at 66 ms SOA significantly decreased during in-phase stimulation (p=0.0198) and at 50 ms following stimulation as compared to sham (p=0.0333). As for anti-phase stimulation, a decrease of objective discrimination was observed at 66 ms SOA during stimulation (p=0.0243) and at 33 ms after stimulation (p=0.0003).

Decreased performances are explained by an increase in response bias rather than by a decrease of sensitivity

In order to precise the cognitive signification of the observed decrease in visual awareness during fronto-parietal theta desynchronization and to a lesser extent during synchronization, we computed signal detection theory metrics. First we assessed the d' sensitivity index, a normalized measure of sensory discrimination between present and absent targets. Except for the expected increase of d' with SOA, F(4,64)=336.00, p<10 -4 , no other main effect or interaction was found, despite a seemingly decrease of d' during in-phase stimulation (Figure 4, Table 2). This suggests that tACS stimulation type did not change the perceptual sensitivity to the target. Second, we computed the c decision criterion, a measure of systematic bias in the decision process towards a response (seen or unseen). Again, as expected, a main effect of SOA was observed, F(4, 64)=164.55, p<10 -4 , with c decreasing as a function of SOA (Figure 4, Table 2). Moreover, a significant stimulation*block interaction was observed, F(4,64)=2.94, 

DISCUSSION

In this study, we tested the causal implication of left fronto-parietal theta band synchrony in conscious access to visual stimuli through tACS phase manipulation during a backward metacontrast-masking paradigm. To our knowledge, this study is the first to demonstrate a modulation of conscious access by tACS. As postulated, we found that anti-phase stimulation decreased stimulus visibility, however, contrary to our prediction, in-phase stimulation did not increase and even tended to decrease stimulus perception.

Thus far, prefrontal cortex oscillations in theta frequency band were mostly related to memory and learning processes [START_REF] Benchenane | Oscillations in the prefrontal cortex: a gateway to memory and attention[END_REF]. Indeed, theta rhythms are thought to play a key role in prefrontal cortex/hippocampus interplay [START_REF] Cashdollar | Hippocampus-dependent and -independent theta-networks of active maintenance[END_REF] robust discrimination between levels of consciousness in patients suffering from disorders of consciousness (King et al., 2013). According to our hypothesis, the significant decrease of conscious access to visual stimuli during anti-phase theta fronto-parietal stimulation strongly suggest a causal and critical role of fronto-parietal interactions and more specifically of the precise timing of theta oscillations between frontal and parietal area in conscious access. As such our study speaks against theories discarding the necessary role of the prefrontal cortex in conscious access (Koch et al., 2016;Boly et al., 2017).

Our study also demonstrates that significant modulation of behavior outlasting the end of stimulation can be achieved through tACS stimulation. These controversial so-called offline or after-effects, thought to reflect plastic changes (Vossen et al., 2015), were mostly Furthermore, the main criticism directed towards this kind of montage is that it is not symmetric in terms of phase manipulation. Actually, given the law of electric charge conservation, in-phase and anti-phase stimulation yield very distinct electric field distributions, notably at the vertex cathode. While in anti-phase stimulation, opposite phase currents between frontal and parietal stimulating electrodes cancel each other, resulting in a null net current at the return electrode, in-phase stimulation currents adds up, resulting in an opposite current of twice as much intensity at the return electrodes. One argument in favor of this asymmetry is that despite the same directionality of effects on the stimulus visibility for both stimulation types, signal detection theory metrics seemed to relate these modulations to different cognitive processes. Indeed, decrease in performances during anti-phase was associated with an increase of the c criterion during and after stimulation while d' did not significantly differ between blocks. Consequently, participants tended to systematically bias their answer towards 'non-seen' over all SOA. This suggests than anti-phase stimulation impacted decision processes at the post-perceptual stage rather than the perception of the target itself. Such results could for instance be explained by a decrease in metacognitive judgment regarding the visibility of the stimulus, compatible with the putative role of dorsolateral prefrontal cortex in perceptual metacognition (Fleming et (Fleming and Lau, 2014). By contrast, the decrease of performances observed during in-phase stimulation was not related to a shift of decision criterion, but rather to a decrease of sensitivity to the stimulus, meaning that in-phase stimulation acted at the perceptual processing stage. It is important to note, that if this differential effect suggests our failure to synchronize prefrontal and parietal cortices, it strongly advocates that our findings are not explained by the effect of the stimulation at either the frontal site or prefrontal site alone, in which case we would have observed similar effects for both stimulation types, but rather results from modulation of the complex interactions between both regions. 

CONCLUSION

Taken together, our study suggest an essential role of fronto-parietal theta synchrony in visual awareness. However, the precise nature of this relation but with might be more complex than initially thought and needs to be explored more precisely through the analysis of the electrophysiological brain response to stimulation.

CHAPTER 4. SUMMARY AND CONCLUDING REMARKS

should nevertheless be confirmed and we are currently working on a multi-centric validation study of the scale. Anyhow, this innovative approach based on the wisdom of the crowds phenomenon, or should we say here wisdom of the caregivers, allowed to actively implicate all the caregivers, from nurses assistants to nurses and doctors and had the beneficial effect of breaking the boundaries between trained expert physicians on the one side and non-physician caregivers on the other side, therefore reinforcing the team cohesion. As a result, our team was granted the APinnov 2019

Trophée Soignant Innovant, a prize rewarding innovative team work conducted in the Assistance Publique Hôpitaux de Paris.

Keeping up with the same idea of enriching the repertoire of diagnostic tools available in the clinic, we then performed an external validation of the previously proposed FDG-PET metabolic index. While we first validated its pertinence and reliability to diagnose MCS, we also showed that EEG-based classification diagnostic procedures exhibited close performances. More importantly, the combination of the two could be valuable to improve the identification of MCS patients, but maybe also to identify patients with higher residual cognition than expected from their behavior.

These two widely available techniques, of which the analyses can be fully automatized, thus bear the potential to spread top-notch consciousness level assessment outside expert centers.

We then took advantage of the FDG-PET spatial resolution to investigate the neural basis and signification of the VS/UWS versus MCS distinction. We highlighted that this distinction seemed more related to metabolic differences in various cortical networks mapping the behavioral heterogeneity of patients rather than a generic minimal contrast between conscious and unconscious patients as theoretically postulated. These findings strongly support the recent proposal to reinterpret the minimally conscious state as a cortically-mediated state. While the consequences of this new framework are numerous, including the way we communicate with families, it mostly advocates for the development of new signs and paradigms for consciousness disorders exploration, more grounded on the theory and physiology of consciousness. While it may seem paradoxical, driven behavior, we also were able to link this behavior with conscious attentional and inhibitory control processing using structural and functional brain-imaging and thus proposed to add this sign to the CRS-R gold-standard. More generally, this work also demonstrates the importance of providing neural underpinnings of the behavioral items used to describe the cognitive state of non-communicating patients and paves the way to a reappraisal of the classic semiology of disorders of consciousness. This fruitful approach could be used to substantially increase the range of conscious and/or cortical behaviors assessed at bedside, such as olfactory or emotional behaviors, which are currently not routinely investigated while bearing the potential to index patients' consciousness.

Finally, we ended the clinical contribution chapter with a tangible illustration of the decisive added value of multimodal expert assessment of patients suffering from disorders of consciousness. While this case report cannot by itself justify these admittedly complex and sometimes costly investigations, it is crucial to demonstrate that beyond mere theoretical implications, they convey meaningful informations readily usable in the clinical practice. During the course of the thesis I had the opportunity to assess around 120 patients and could verify that often. I think that this should serve as the basis on which to spread the stakes involved in the management of noncommunicating patients. Indeed, the whole DoC taxonomy is too rarely used to describe patient's state of consciousness and it is not unusual to be called for a 'comatose' patient, which turns out to have the eyes open and sometimes even exhibit quite complex and conscious behaviors. This state of fact is probably not due to incompetence of our colleagues, but to our failure to convince them that differentiating states of consciousness makes a difference. Given the high rate and potential consequences of misdiagnosis using non-expert evaluation, we, as neurologists trained in intensive care and neuroscience, have to democratize consciousness assessment both by developing new simple and widely available tools and by providing reliable imaging techniques to address the limits of current behavioral diagnostic procedures. This was one of the main incentive for the contributions we proposed in this thesis and I hope we succeeded in this enterprise.

Novel therapeutic approaches

Independently of how much we improve diagnostic procedures, I think that any researcher working in this field has to care about the treatments we can propose to these patients. This was the second incentive of the work proposed in this thesis. As we have seen in the introduction, drugs only have limited effects and most of the promises seem to come from electromagnetic brain stimulation.

We first proposed a review of the current evidence of these stimulation techniques to improve consciousness in DoC patients. As we pointed out in this review, non-invasive transcranial electrical stimulation techniques seem to provide the best trade-off between potential efficacy and risk, but are mainly limited by the lack of understanding of their mechanisms and by the heterogeneity of stimulation responsivness.

Using high-density electrophysiological recordings and modelling of electric fields, we conducted the largest investigation of tDCS effect in DoC patients to date. While we first validated previously proposed markers of consciousness in responders, we mostly provided evidence of a genuine cortical effect of tDCS stimulation in improving consciousness of DoC pa- label study using a randomized double-blind cross-over design. These two ongoing studies will hopefully confirm and precise the results we obtained in the study presented in this manuscript.

In addition to the investigatation of the effects of tDCS on conscious state and conscious access in DoC patients, we wondered what were the effects of stimulation on conscious access in healthy conscious subjects. Here, our purpose was multifold. First to test if in addition to an effect on conscious state, transcranial electric stimulation could also improve conscious access. Second, to take advantage of these methods to test predictions of the global neuronal workspace theory, and namely in this thesis, the role of the prefrontal cortex and of the prefronto-parietal long distance communication on conscious access. Lastly, the idea behind this work was to understand the effect of transcranial electric stimulation on consciousness in order to enrich the range of potential stimulation that we could propose to patients.

In the first study, we thus investigated the effect of left dorso-lateral prefrontal cortex anodal tDCS stimulation, the same stimulation as currently used in DoC patients, on conscious access to near-threshold visual stimuli. While the results were in favor of the absence of a group-level effect, we found significant modulation of brain electrical activity induced by the stimulation which correlated with conscious visibility of the stimulus. These results thus only provide small evidence for the role of prefrontal cortex in conscious access to visual stimulu, but mostly stress out the complex and heterogeneous effects of stimulation.

In the second study, we explored the role of prefrontal-parietal theta synchrony on conscious access. While desynchronization yielded a decrease in consciousness of the visual stimuli as postulated, synchronization also seemed to decrease performances. Moreover, our results were more in favor of an effect on post-perceptual decision processes rather than on perception itself. It should be noted however, that this work is still ongoing and that analysis of the electrophysiological recordings acquired during the task will hopefully enlighten these results.

Indeed, in line with our study in DoC patients, these two last contributions clearly indicate that such concurrent investigation of functional brain activity elicited by stimulation is mandatory to make sense of the effects of stimulation, which are influenced by many environmental and idiosyncratic factors. I think that this fact was too often neglected whereas it most probably explains many negative results leading to a general skepticism regarding transcranial electrical stimulation techniques. In my opinion, there are two main directions which could be pursued in parallel to improve this state of fact.

First, a work strictly directed at improving the efficacy of stimulation with more intense current or targeted intervention. Regarding the latter, so called high-density transcranial electric stimulation protocols, in which several cathodes surround the anode, and multisite montage, result in more focal and intense stimulation, while reducing the amount of inhibition of nearby structures. We are currently conducting pilot studies with this kind of stimulation during the same near-threshold visual paradigm with high-density stimulation over the prefrontal cortex and over the parietal cortex to target the precuneus.

The second line of research should aim at understanding the source of stimulation variability.

As we discussed in the introduction and as we showed in our patients, there is increasing evidence In line with this idea, I wrote a protocol during the PhD aiming at understanding the effects of tDCS on functional brain-networks by testing different tDCS stimulation sites and parameters with concomitant fMRI and EEG recordings in healthy subjects, in order to bridge the gap, between the current stimulation protocols and these innovative modelling possibilities. Unfortunately, we could not set up this protocol yet but we hope to be able to carry it out soon in the lab.

Conclusion

Overall, these novel diagnostic and therapeutic approaches for patients suffering from disorders of consciousness are still in their infancy, but promise to yield major progress in both our understanding of the altered states of consciousness and in the management of non-communicating patients. Ultimately, they should lead to a more personalised approach at both the diagnostic and therapeutic levels, thus reintroducing the patient's specificity, in face of a condition too often perceived as dehumanizing.
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b. Development of the scale

According to the results of the survey described above, we decided to use a global assessment of consciousness rather than the classical distinction between wakefulness and awareness. We chose to use a visual analogic scale (VAS) named "DoC-feeling". VAS is a simple tool already known by all caregivers (for instance it is commonly used to assess conscious patients' pain) although it is important to note that in our present study, it is the caregivers who use the VAS.

The choice of the framing of the question associated with the VAS converged toward the commonly used verbatim used by caregivers on daily basis when they share their observations related to the consciousness level of a patient (Figure S2) asking to rate the "presence" / "gut feeling" using a cross-section of the horizontal line of the VAS. The ratings were later manually measured using a 1 mm precision scale and collected into a database (in mm) for further analysis (the real size of the printed arrow, which could minimally variate across printers, was also measured in order to normalize the obtained value to 100 mm) [1]. 
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 12 Figure 1.2: The arousal system Schematic representation of the arousal system nuclei, pathways and neurotransmitters (A, reproduced from Saper et al. 2005). Brainstem mapping of coma causing lesions (left upper panel) compared to control brainstem lesions (right upper panel) and the subtraction between the two (lower panel). Coma causing lesions roughly overlap with the ascending reticular arousal system (B, reproduced from Fischer et al. 2016).

  complex system subserving arousal (Parvizi 2003; Edlow et al. 2012; Fischer et al. 2016; Snider et al. 2019 and Figure 1.2B).

1 .BFigure 1 . 3 :

 113 Figure 1.3: Fronto-parietal network subserving consciousness Evidence for the activity of a widespread fronto-parietal network in conscious access (A, reproduced from Dehaene and Changeux 2011) and in conscious states (B, adapted from Maquet et al. 2005; Kajimura et al. 1999; Kaisti et al. 2002; Blumenfeld et al. 2004, 2009).

Figure 1 . 4 :

 14 Figure 1.4: Ignition phenomenon Evidence of the ignition phenomenon associated with conscious access during a metacontrast backward masking visual task (A) showing an all-or-none behavioral (B) and brain activity response (C) according to the different stimulus onset asynchrony (SOA).(Reproduced from Del Cul et al. 2007).

  , has been further developed by Stanislas Dehaene, Jean-Pierre Changeux and Lionel Naccache (Dehaene and Naccache, 2001; Dehaene et al., 2011). In this framework, information can be processed unconsciously in parallel by several specialized cortical modules. These independent processors are interconnected by a widespread thalamo-cortical network encompassing mainly dorsolateral prefontal, cingulate and parietal associative cortices. This network forms a global neuronal workspace (GNW), densely connected by long-distance excitatory neurons. Conscious access would stem from the active nonlinear amplification and maintenance within the GNW of this initially local and unconscious information. Following this global broadcasting, the mental representation would become available to be flexibly shared between high-order regions, thus enabling its use in various cognitive functions, such as planning, evaluation, memory, intentional behavior and reporting. This global availability of information within the workspace would correspond to the subjective experience of conscious access. This theoretical work has been the basis for a proposed taxonomy of unconscious mental representations (Dehaene et al., 2006), distinguishing true subliminal representations (gathering CHAPTER 1. INTRODUCTION representations not explicitly coded in cell assembly or coded representations unreachable by the GNW because they are either not lasting long enough to be accessed or because they are coded in regions not connected to the workspace), from what has been called preconscious representations, that is supra-liminal which fail to reach consciousness because of insufficient amplification (Figure 1.5).
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 22943216 Figure 1.6: Coma Recovery Scale -revised (CRS-R)

CHAPTER 1 .

 1 INTRODUCTIONthat wakefulness was associated with the sequential exploration of a rich repertoire of functional connectivity configurations, characterised by both positive correlations and anti-correlations between distant brain areas. By contrast, unconsciousness during anesthesia was correlated with a reduction of this repertoire, with almost no exploration of the previously mentioned configurations in favour of configurations characterised by positive-only correlations essentially driven by the structural connectivity[START_REF] Barttfeld | Signature of consciousness in the dynamics of resting-state brain activity[END_REF]. These findings were replicated during anesthesia with several drugs[START_REF] Uhrig | Restingstate Dynamics as a Cortical Signature of Anesthesia in Monkeys[END_REF] and recently successfully extended to DoC patients[START_REF] Demertzi | Human consciousness is supported by dynamic complex patterns of brain signal coordination[END_REF]. In this multi-centric study, healthy awake controls showed a rich repertoire of brain dynamics, with patterns of activity transcending the structural connectivity defined by DTI.
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 17 Figure 1.7: Brain resting-state networks Main resting-state networks identified by fMRI (A, from Raichle 2015). Focus on the fMRI activity (B, from Garner, Front in Neurol 2013) and DTI structural connectivity (C, from Horn et al. 2014) of the default-mode network in healthy subjects. Resting-state networks showing higher functional connectivity in MCS patients as compared to VS/UWS patients (D, from Demertzi et al. 2015).
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 18 Figure 1.8: 18-FDG PET metabolism FDG-PET metabolism of representative individuals across different states of consciousness (from Stender et al. 2016).
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 19 Figure 1.9: EEG-based classification Resting-state EEG makers according to the different states of consciousness together with their univariate statistical performance to distinguish VS/UWS from MCS patients (A, from Sitt et al. 2014). Generalization of the multivariate and individual markers EEG-based classification (B from Engemann et al. 2018).

  With respect to that, EEG-based classification of the states of consciousness proved to be robust across different sites (Paris and Liège), different protocols (EEG acquired at rest or during a task) and different settings (recordings of different lengths and number of channels) (Engemann et al. 2018, see Figure 1.9B). Moreover, with the availability of standard EEG recordings and the development of automated EEG preprocessing pipelines based on open-source softwares and freely available source code (Engemann et al. 2015; Jas et al. 2017, https://github.com/nice-tools/nice), these EEG-based procedures herald a significant potential for a routine use in DoC, in both acute care and chronic care settings.
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 110 Figure 1.10: Auditory oddball paradigms Standard auditory oddball paradigm (A) and the Local-Global paradigm (B) (left) with the respective eventrelated potentials they elicit (right) (adapted from Rohaut and Naccache 2017).
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 111 Figure 1.11: Cognitive-Motor Dissociation

  ; Andrews et al., 1996; Schnakers et al., 2009b; Stender et al., 2014). But beyond clinical diagnosis, neuroimaging tools also carry relevant prognostic informations. Therefore, both structural (Tollard et al., 2009; Perlbarg et al., 2009; Galanaud et al., 2012; Luyt et al., 2012; Velly et al., 2018) and functional MRI (Coleman et al., 2009; Stender et al., 2014) are able to predict patients outcome. Same is true for the brain metabolism assessed by PET (Stender et al., 2014, 2016). And finally, EEG studies found correlations between outcome and qualitative EEG patterns (Bagnato et al., 2015), quantitative resting-state brain activity (Babiloni et al., 2009), resting-state EEG-based diagnosis of conscious state (Sitt et al., 2014; Chennu et al., 2017), sleep spindle presence on polysomnography (Landsness et al., 2011), P300 component during auditory oddball (Cavinato et al., 2011) and more recently cognitive-motor dissociation exemplified by active EEG paradigm (Claassen et al., 2019).
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 653 , response to own name ERPs and PET metabolism[START_REF] Perrin | Neural mechanisms involved in the detection of our first name: A combined ERPs and PET study[END_REF][START_REF] Holeckova | Subject's own name as a novel in a MMN design: A combined ERP and PET study[END_REF], somatosensory evoked responses and fMRI active paradigm[START_REF] Gibson | Somatosensory attention identifies both overt and covert awareness in disorders of consciousness[END_REF], fRMI resting-state networks and PET metabolism[START_REF] Di Perri | Towards new methods of diagnosis in disorders of consciousness -Authors' reply[END_REF][START_REF] Soddu | Correlation between resting state fMRI total neuronal activity and PET metabolism in healthy controls and patients with disorders of consciousness[END_REF], MRI structure connectivity and PET metabolism[START_REF] Annen | Function-structure connectivity in patients with severe brain injury as measured by MRI-DWI and FDG-PET[END_REF] or intermediate agreement between EEG and fRMI active paradigms for CMD identification (Edlow et al., 2017). However, only few studies compared the diagnostic performances and clinical utility of different imaging tools[START_REF] Stender | Diagnostic precision of PET imaging and functional MRI in disorders of consciousness: A clinical validation study[END_REF][START_REF] Golkowski | Simultaneous EEG-PET-fMRI measurements in disorders of consciousness: An exploratory study on diagnosis and prognosis[END_REF]. This need was the basis of our experimental contribution on the clinical utility of the PET in DoC diagnosis in which we validated the FDG-PET metabolic index in our Paris center and compared its performance to EEG-base multivariate classification (see section 2.2, page 99). 1.3. STATE OF THE ART OF DOC TREATMENT State of the art of DoC treatment Despite considerable improvement in the diagnosis and prognosis of consciousness disorders and related enrichment in our understanding of the neurophysiology of consciousness, few therapeutic options are currently available for treating DoC patients. Several rehabilitation sensory modulation programs, such as music therapy, have been proposed (Giacino et al., 2013; Pape et al., 2015; Castro et al., 2015; Binzer et al., 2016), but the quality of evidence for their use remains low (Lombardi et al., 2002; Klingshirn et al., 2015; Schnakers and Monti, 2017; La Gattuta et al., 2018). Other treatment strategies encompass pharmacological interventions and electrical brain stimulation. The stakes are high for improving patients recovery since substantial long-term disability is common (Estraneo et al., 2014), even though prolonged and clinically meaningful recovery is possible up to ten years after injury (deGuise et al., 2008; Nakase-Richardson et al., 2012; Whyte et al., 2005; Hammond et al., 2019). Fortunately, the therapeutic field is rapidly expanding, especially regarding the development of non-invasive brain stimulation strategies. In the following sections, we will browse the current pharmacological and brain stimulation treatment options for DoC together with the current hypothesis unifying treatment efficacy. Owing to its use in the experimental work of this PhD, we will especially focus on the non-invasive transcranial electrical stimulation (tES), both as a potential treatment of DoC and as a tool to study normal consciousness. 1.3.1 Pharmacological agents 1.3.1.1 Amantadine and other dopaminergic agents Currently, Amantadine is undeniably the treatment with the strongest level of evidence in DoC patients. This dopaminergic agonist and NMDA antagonist has first shown interesting results in several retrospective and pilot studies in DoC due to severe traumatic brain injuries (Meythaler et al., 2002; Saniova et al., 2004; Whyte et al., 2005), with a possible dose-response effect (Zafonte et al., 1998). In 2012, Amantadine has been tested in 184 patients in a VS/UWS or MCS CHAPTER 1. INTRODUCTION

  ; Krimchansky et al., 2004; Ugoya and Akinyemi, 2010), bromocriptine (Passler and Riggs, 2001; Whyte et al., 2008), and apomorphine

  hypnotic agent. Several case reports described transient arousal and/or awareness improvement after a single dose of 10 mg (Clauss et al., 2000; Cohen and Duong, 2008; Shames and Ring, 2008) or higher (Calabrò et al. 2015, see Tucker and Sandhu 2016 and Sutton and Clauss 2017 for a review). To date, more than two hundreds DoC patients have been enrolled in studies on zolpidem. While the largest one, an observational study, did not find robust evidence for an effect of the treatment (Du et al., 2014), well-designed studies pointed towards a possible improvement of consciousness following zolpidem administration. A double-blind randomized cross-over design involving 84 patients showed showed an improvement in CRS-R scores up to 2h after the treatment in 4 patients (approximately 5%) (Whyte et al., 2014). Another controlled study in 60 patients also showed some awareness-related improvement in 12 patients (20%). As for the physiology underneath zolpidem paradoxical effect, a possible electrophysiological signature of zolpidem response has been proposed based on the case of 3 responders (Williams et al., 2013). In addition, PET studies robustly showed an increase in prefrontal metabolism (mainly anterior cingulate and basal forebrain) (Brefel-Courbon et al., 2007; Williams et al., 2013; Chatelle et al., 2014; Kim et al., 2016), which is classically integrated in the framework of the meso-circuit hypothesis (see below).Overall, zolpidem seems to have some effect in neurological disability following traumatic, anoxic or vascular injuries[START_REF] Sutton | A review of the evidence of zolpidem efficacy in neurological disability after brain damage due to stroke, trauma and hypoxia: A justification of further clinical trials[END_REF], as in a variety of other neurological disor-CHAPTER 1. INTRODUCTION ders[START_REF] Bomalaski | Zolpidem for the Treatment of Neurologic Disorders: A Systematic Review[END_REF], but this effect concerns a limited number of patients, for a limited period of time. Nonetheless, it is nowadays current practice to test a single dose of 10 mg in all DoC patients. Finally, let's only mention a few other case studies providing more anecdotal evidence for a possible interest of other GABAergic agents, such as intrathecal baclofen[START_REF] Margetis | Intrathecal Baclofen Associated With Improvement of Consciousness Disorders in Spasticity Patients: Intrathecal Baclofen and Disorders of Consciousness[END_REF][START_REF] Pistoia | Intrathecal Baclofen: Effects on Spasticity, Pain, and Consciousness in Disorders of Consciousness and Locked-in Syndrome[END_REF] or midazolam[START_REF] Carboncini | A case of post-traumatic minimally conscious state reversed by midazolam: Clinical aspects and neurophysiological correlates[END_REF] in improving consciousness.
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 13113 Figure 1.13: Mesocircuit hypothesis Schematic representation of the regions involved in the mesocircuit hypothesis (gray circles) together with their excitatory (black) or inhibitory (red) interactions and the targets of the different therapeutics.
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 33 Electrical brain stimulation 1.3.3.1 Invasive brain stimulation The term electroceuticals has been recently proposed to gather the different electromagnetic brain stimulation techniques, which differ in the way they deliver current to the brain, either directly as in deep brain stimulation (DBS) or indirectly through vagus nerve stimulation (VNS) or transcranial electrical or magnetic stimulation (tES and TMS) (Figure 1.14), leading to different properties and safety-efficacy profiles. For instance, DBS targeting various deep brain structures (midbrain, thalamus, pallidum and striatum) has been reported in tens of DoC patients since 1968 (McLardy et al., 1968), with some encouraging results (Tsubokawa et al., 1990; Cohadon and Richer, 1993; Yamamoto et al., 2010; Chudy et al., 2018; Lemaire et al., 2018). One of the most 1.3. STATE OF THE ART OF DOC TREATMENT 71 famous study being the study from Schiff et al. (2007), in which the stimulation of the central thalamus (intralaminar nuclei) in an MCS patient elicited the restoration of a communication with the patient and improvement in other motor behaviors. However, the surgical implantation of deep electrodes bear substantial risk in this already fragile population (Estraneo et al., 2018). Less invasive stimulation techniques such as VNS also showed very promising results recently, notably in a 35 years old patient in a VS/UWS state for more than 10 years following a traumatic brain injury who switched towards MCS with parallel improvement of EEG long-range connectivity in the theta band and occipito-parieto-frontal and basal ganglia metabolism after one month of stimulation (Corazzol et al., 2017). Still this technique requires further validation and also depends upon a surgical intervention. Non-invasive brain stimulation by contrast relies on the external application of electric (tES) or magnetic (TMS) fields to the scalp.
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 114 Figure 1.14: Electroceuticals in DoC Schematic representation of the different types of invasive and non-invasive brain stimulation techniques used in DoC patients. The main targets and stimulation parameters (intensity, voltage, frequency and number of sessions) used in clinical studies are listed. DBS: deep brain stimulation; Hz: Hertz; mA: milli-ampere; rTMS: rhythmic transcranial magnetic stimulation; tDCS: transcranial direct current stimulation; V: Volt; VNS: vagus nerve stimulation. Reproduced from Bourdillon et al. 2019.

  livers a continuous and weak intensity current (1-2 mA) to the scalp, most of the times through a bipolar montage (the current flowing from an anode to a cathode). Although some controversies are still hanging regarding the ability of these induced electric fields to elicit clinically relevant modification of the brain activity(Liu et al., 2018; Vöröslakos et al., 2018), considerable evidence shows that tDCS is able to modulate the neural resting-state membrane potential, depending on both the polarity of stimulation(Nitsche and Paulus, 2001) and on the underlying brain activity, by fine tuning of synaptic gains(Lafon et al., 2017). Interestingly, as for repetitive TMS, tDCS stimulation lasting more than a few minutes is able to induce after-effects mediated mainly by synaptic pathways (from the modulation of long-term potentiation and long-term depression (Kronberg et al., Feb), through NMDA-dependent synaptic plasticity(Liebetanz et al., 2002; Nitsche et al., 2003)) and other non-synaptic pathways(Gellner et al., 2016) resulting in neuroplastic changes in brain networks functional connectivity[START_REF] Polanía | Introducing graph theory to track for neuroplastic alterations in the resting human brain: A transcranial direct current stimulation study[END_REF]. Initially, tDCS was mainly targeted to probe brain functions in healthy subjects and its first therapeutic use goes back to 2005, in which it was used to improve motor function after stroke(Hummel et al., 2005). Since then, numerous 1.3. STATE OF THE ART OF DOC TREATMENT 73 studies applied tDCS in various neurologic (Parkinson's disease, dystonia, post-stroke or primary progressive aphasia) and psychiatric conditions (depression, autism, addiction, schizophrenia, and attention disorders) with unequivocal efficacy(Lefaucheur et al., 2017).

1 .

 1 The first report of tDCS in DoC patients is due toAngelakis et al. (2014), who showed an increase in CRS-R in 3 patients out of 10 with either a left dorsolateral prefontal cortex (DLPFC) or a left sensorimotor cortex repeated stimulation (5 sessions). However, this study was not controlled and the sham sessions were always performed before the repetitive sessions of active stimulation which doesn't prevent a confounding effect of spontaneous recovery. These encouraging results were further supported by a double-blind randomized controlled trial against sham published by Thibaut et al.(2014). In this study, the authors found a significant effect on consciousness of a single 2 mA left-DLPFC tDCS stimulation (Figure1.15A), only in the MCS group, with an improvement in CRS-R in 13/30 (43%) MCS patients and 2/25 (8%) VS/UWS. Retrospective analysis of PET-TDM and MRI data of these patients prior to stimulation yielded that tDCS responsiveness was characterized by preserved brain metabolism and gray matter integrity in cortical and subcortical regions traditionally involved in consciousness (prefrontal cortex, precuneus and thalamus)(Thibaut et al., 2015). Responders were also characterized by a higher connectivity in regions belonging to the extrinsic/executive control network in fMRI(Cavaliere et al., 2016) and increase theta connectivity and network centrality in EEG(Thibaut et al., 2018). However, subsequent studies of single-session stimulation failed to reproduce the behavioral effect of tDCS(Naro et al., 2015; Bai et al., 2016 Bai et al., , 2017)). Note though, that the stimulation parameters differed from those of the previous study, either due to smaller electrodes (25 cm2 vs. 35 cm2) or distinct montages (orbitofrontal stimulation with anode between Fp1 and Fp2 and cathode over Cz inNaro et al. 2015). Yet these studies provided insight into the mechanisms of action of tDCS in DoC patients by combining the stimulation with EEG, ERPs and/or TMS. Hence, in a study combining TMS-EEG and tDCS over the left-DLPFC, Bai CHAPTER 1. INTRODUCTION et al. (2017), showed that tDCS could modulate the cortical global excitability assessed by TMS

  20 min) of sham, 1 mA and 2 mA anodal left-DLPFC or left-SMC tDCS (F3/C3-Fp2; 25 cm2-35cm2) CRS-R increase in the 3 20 patients (10 VS/UWS and 10 MCS) Single session (20 min) of 2mA cerebellar 5 Hz oscillatory tDCS (medial cerebellum-left buccinator muscle; 16 cm2) Improvement of CRS-R in MCS patients Increase in fronto-parietal coherence and power in theta and gamma band in MCS 20 min) of 2 mA anodal left-DLPFC (F3-Fp2; 35 cm2) over 10 consecutive days Significant improvement in CRS-R in MCS patients Increased P300 amplitude in MCS during an auditory 16 patients (all MCS) 5 sessions (20 min) of 2 mA anodal left-DLPFC (F3-Fp2; 35 cm2) over 5 days Significant improvement of CRSR (in 9/16 (56%)) at 5 days, persisting at 12 27 patients (all MCS) 5 sessions (20 min) of 2 mA anodal posterior parietal cortex tDCS (Pz-Fp2; unknown) Significant improvement of CRS-R after 5 days of stimulation, but no persistence at 10 20 min) of 2 mA anodal left-DLPFC F3-Fp2; 35 cm2) over 5 days No effect on CRS-R after single or repeated 20 min) of 2 m anodal left-DLPFC (F3-Fp2; 35 cm2) over 4 weeks No significant effect, but trend towards CRS-R improvement after 4 weeks, lasting at 12 20 min) of 2 m anodal left-DLPFC (F3-Fp2; 35 cm2) over 2 weeks No effect on CRS-R but improvement in the Western Neuro Sensory Stimulation Profile in the MCS patients Decrease in delta power and increase in beta power over frontal and parietal regions, Increase in posterior alpha and fronto-20 min) of 2 m anodal left-DLPFC or right-DLPFC over 2 weeks Increase in CRS-R with left stimulation in 2/5 patients, no change with right or sham stimulation Increase in connectivity mainly with left 20 min) of 2 mA high-density tDCS centered over the precuneus (Pz) over 2 weeks Increase in CRS-R after 1 week of stimulation, persisting at the end of the 2 weeks of stimulation Decrease in delta centro-parietal coherence Not reported
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 115 Figure 1.15: Left-dorsolateral prefrontal cortex anodal tDCS montage This montage is the most commonly used in DoC patients. The anode (red) is placed over F3 to stimulate the left dorsolateral prefrontal cortex and the cathode is placed over Fp2 (right supra-orbital cortex) (A). According to models of electric field distribution based on healthy controls anatomy, this montage enables the stimulation of widespread areas of the prefrontal cortex (B, model generated with NIC2 software, Neuroelectrics ® ).

CHAPTER 1 .

 1 INTRODUCTION et al., 2017). The pursuit of the investigations are especially important as tDCS would be the less invasive treatment for DoC patients and is cheap and easy to use which makes it particularly appropriate to repeated sessions, with consequently the potential of a wide availability, either during hospitalization or at home.The first goal of such line of research would be to dissect the underlying and still controversial mechanisms of action of tDCS. As we already mentioned, some authors still doubt the ability of weak intensity currents to elicit changes in brain activity. The group of Buszaki showed that with conventional intensities, electric fields barely reached the threshold for resting membrane potential modification in rodents and humans cadaver brains(Liu et al., 2018), but intracranial recordings in human epileptic patients showed current densities consistent with weak(Opitz et al., 2016) but genuine neurophysiological effects[START_REF] Huang | Measurements and models of electric fields in the in vivo human brain during transcranial electric stimulation[END_REF] as deep as the subthalamic level(Chhatbar et al., 2018). Other authors suggested that tES effect could be mediated by skin peripheral sensations and trigeminal nerve stimulation(Asamoah et al., 2019) and not through a direct modulation of cortical neurons underneath the stimulating electrodes.

  electrodes together with their location and type of stimulation (anodal, cathodal). Both the site of the cathode and the size of the anode can indeed influence the effect of stimulation (Imburgio and Orr, 2018). Moreover, as for now, all studies of tES in DoC patients used standardized montage, irrespective of the individual anatomy of patients. Despite a low spatial resolution, this one-size-fits-all approach is probably misleading given the relation demonstrated in healthy subjects between inter-subject variability in brain anatomy underlying stimulating site and behavioral response to stimulation(Wiethoff et al., 2014;[START_REF] Kim | Inconsistent outcomes of transcranial direct current stimulation may originate from anatomical differences among individuals: Electric field simulation using individual MRI data[END_REF] Filmer et al., 2019). The role of fronto-parietal white-matter pathways in modulating the stimulation effect of TMS during a visual perception task has also been illustrated in healthy individuals(Quentin et al., 2015). In traumatic brain-injured patients, a very recent paper linked the effect of tDCS in a Stop Signal Task to the extent of axonal injury within the salience network, underlining the fact that the effect of non-invasive stimulation strongly depends on the white matter integrity of the stimulated networks[START_REF] Li | Traumatic axonal injury influences the cognitive effect of non-invasive brain stimulation[END_REF]. This relation might be even more critical in DoC patients who suffer from various and severe brain lesions (Fernández-Espejo et al., 2011; Di Perri et al., 2016; Annen et al., 2018), and in whom response to tDCS seems to depend on gray matter integrity (Thibaut et al., 2015). Moreover, most studies quantifying and modelling electric fields were done in healthy subjects (Huang et al., 2017b; Ciechanski et al., 2018) and the speculative distribution of current provided by manufacturers may well not apply to patients (Figure 1.15B). To overcome this issue, MRI-based models of current distribution inside the brain of patients have recently been developed for tDCS (SimNIBS, Thielscher et al. 2015, ROAST, Huang et al. 2019) but their use is limited so far. Simulations performed with such models showed that individual subjects neuroanatomy (thickness of the skull, volume of cerebrospinal fluid, gyrus depth, ...) could account for up to 50% of the spatial variation of electric fields strength (Opitz et al., 2015). The personalization CHAPTER 1. INTRODUCTION of montage thus seem to be a reasonable goal to optimize stimulation performance. In addition, montages using more than two electrodes (called multichannels or high-density montages) could also be a way to increase the spatial resolution of the stimulation with a more focal target (Dmochowski et al., 2013; Shekhawat and Vanneste, 2018; Hill et al., 2018). Proof-of-concept studies in DoC patients already showed a potential interest of theses montages to reduce the hypertonia and spasticity (Thibaut et al., 2019) or even to improve patients consciousness (Guo et al., 2019). Finally, neuromodulation properties of tES are influenced by the underlying brain activity such as arousal or attentional state in healthy subjects (Silvanto et al., 2008; Li et al., 2019a) and seem to depend upon the residual functional connectivity and brain metabolism before stimulation in patients, as suggested by the better response rate observed in MCS patients and patterns of brain activity characterising responders (Thibaut et al., 2018). All of these reasons advocate for a systematic use of detailed functional brain imaging (EEG, fMRI, PET) before, during and after stimulation to better understand the mechanisms of stimulation, and presumably optimize tES stimulation in DoC patients.C. Potential use to investigate the physiology of consciousness a. tDCS to explore the role of the prefrontal cortex We already discussed the potential interest of electromagnetic brain stimulation to address the causal role of some specific regions in consciousness (section 1.1.1.3, page 6 and section 1.1.3.5,

(

  Antal and Paulus, 2013; Herrmann et al., 2013). Indeed, the weak sinusoidal electrical currents delivered to the scalp are able to entrain brain oscillations(Zaehle et al., 2010; Helfrich et al., 2014; Ruhnau et al., 2016; Witkowski et al., 2016; Kasten et al., 2018) with possible after-effects (Neuling et al., 2013; Kasten et al., 2016) which could be related to plastic changes (Vossen et al., 2015). Yet, it should be noted that the online effects of tACS are hard to decipher due to the technical challenge of recording EEG or MEG during the stimulation, even if some authors proposed artifacts removal procedures (Helfrich et al., 2014; Fehér and Morishima, 2016; Neuling et al., 2015; Noury and Siegel, 2018). The behavioral effects of tACS are highly frequency-specific and site-specific, as evidenced by the increase in cortical excitability (assessed by motor evoked potential) found by Feurra et al. (2011), only when 20 Hz tACS was applied over the motor cortex, while parietal stimulation and/or stimulation at other frequencies (5 Hz, 10 Hz, 40 Hz) yielded no effect. Furthermore, behavioral effects of stimulation depends on the endogeneous brain activity. Cecere et al. (2015) used tACS CHAPTER 1. INTRODUCTION to manipulate individual alpha frequency by applying tACS at this frequency ± 2 Hz over the occipital cortex during a flash-beep illusion (perception of an extra second flash when a single flash is presented with two auditory beeps separated from approximately 100 ms). This manipulation led to opposite perceptual effects, either facilitating the perception of a second flash or promoting the perception of a single flash. These two studies emphasize an important property of tACS: the external application of an oscillator is able to modulate the power of endogenous oscillations by phase synchronisation (Neuling et al., 2013; Kasten et al., 2018) or to induce small frequency shifts of natural oscillations (entrainment, Helfrich et al. 2014), but does not create an oscillatory brain activity out of the blue.Synchronized oscillatory activity has been proposed as a key mechanism for processing and transferring information in the brain with various frequencies and regions putatively implicated depending on the cognitive domain or neuropsychiatric disease(Buzsáki and Draguhn, 2004; Fries, 2005; Buzsáki, 2006; Buzsáki and Llinás, 2017). This new stimulation technique provides a unique opportunity to probe the causal link between brain functions and the precise timing of endogeneous brain oscillations(Romei et al., 2016; Polanía et al., 2018). This approach has proven particularly useful in the field of voluntary motor control, in which induced gamma oscillations facilitated motor processing(Joundi et al., 2012), while beta stimulation slowed motor performances(Pogosyan et al., 2009; Moisa et al., 2016). tACS also allowed major leaps in the field of working memory, by contributing to demonstrate a causal link between working memory performances and thetagamma coupling. First, the simple manipulation of theta frequency (4 Hz vs. 7 Hz), which drives the number of possibly nested gamma oscillations, showed opposite effects on the number of items stored in working memory(Chander et al., 2016; Vosskuhl et al., 2015; Wolinski et al., 2018). A more complex and elegant stimulation using the superimposition of both gamma and theta frequencies allowed to precise the role of this theta-gamma cross-frequency coupling(Alekseichuk et al., 2016).
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 3116 Figure 1.16: Fronto-parietal tACS Schematic representation of the fronto-parietal tACS montage used in Polanía et al. (2012) with phase (0°), sham and anti-phase (180°) stimulation (A). Frequency-specific phase-dependent effect on the reaction times during a delayed letter discrimination task (B).

Figure 1 . 17 :

 117 Figure 1.17: Experimental contributions Schematic representation of the studies presented in the thesis with their respective contribution to diagnostic, therapeutic and/or consciousness physiology of DoC patients, together with the methods used.
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 1 Development of a new clinical tool: the DoC-feeling scale Current stage The work presented below has been published as: Hermann B*, Goudard G*, Courcoux K*, Valente M, Labat S, Despois L, Bourmaleau J, Richard-Gillis L, Faugeras F, Demeret S, Sitt JD, Naccache L, Rohaut B. Wisdom of the caregivers: pooling individual subjective reports to diagnose states of consciousness in brain-injured patients, a monocentric prospective study (2019) BMJ Open;9:e026211. doi:10.1136/bmjopen-2018-026211
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Figure 1

 1 Figure1Disorders of consciousness (DoC)-feeling score. Each patient was evaluated around three times by DoC experts using the Coma Recovery Scale-Revised (CRS-R). In parallel, nursing staff members reported their daily observations using the DoC-feeling Visual Analogue Scale. The reference standard was defined as the best state of consciousness observed during one of the CRS-R and the patient was coded as being in an unresponsive wakefulness syndrome (UWS) or a minimally conscious state (MCS) accordingly (reference standard). All individual DoC-feeling scores obtained during the whole hospital stay were pooled and the median value (represented by the vertical dashed line) of the polled results was defined as the DoCfeeling score (index test).

Figure 2

 2 Figure 2 Flow chart. Flow chart representing the repartition of patients while using a disorder of consciousness (DoC)feeling score (index test) cut-off value of 16.7 mm. Exit-MCS: Patient able to communicate reliably or to use objects functionally. CRS-R, Coma Recovery Scale-Revised; MCS, minimally conscious state; UWS, unresponsive wakefulness syndrome.

Figure 3

 3 Figure 3 Individual disorders of consciousness (DoC)feeling ratings. DoC-feeling ratings tended to be smaller in patients with unresponsive wakefulness syndrome (UWS) when compared with patients with minimally conscious state (MCS). All individual ratings are shown (dots, n=692), alongside boxplots helping to visualise the median and the IQR for both UWS (on the left in red) and MCS (on the right in blue) patients.

Figure 4

 4 Figure 4 DoC-feeling scores. DoC-feeling scores were obtained by pooling individual ratings obtained for each patient. DoC-feeling scores were smaller for patients with UWS than for MCS (A, B) and also correlated with the CRS-R score (A). Area under the ROC curve (C), sensitivity (Se) and specificity (Sp) for several cut-offs (D) revealed very good performances at identifying the MCS. ***P<0.001. CRS-R, Coma Recovery Scale-Revised; DoC, disorders of consciousness; MCS, minimally conscious state; ROC, receiver operating characteristic; UWS, unresponsive wakefulness syndrome. on 21 February 2019 by guest. Protected by copyright. http://bmjopen.bmj.com/ BMJ Open: first published as 10.1136/bmjopen-2018-026211 on 21 February 2019. Downloaded from
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 2 FDG-PET metabolic index external validation and comparison to EEG Current stage This work has been submitted as: Hermann B, Stender J, Habert MO, Kas A, Valente M, Raimondo F, Pérez P, Rohaut B, Sit JD, Naccache L. Fluorodeoxy-glucose PET imaging can robustly identify the minimally conscious state and explain its behavioral heterogeneity as a function of preserved cortical networks.Short presentationContextAt the end of the discussion on DoC physiology and current diagnostic tools (section 1.2.4), we stressed out the need to systematically compare the diagnostic performances and clinical utility of different imaging tools in order to combine reliable assessment of patients' state together with wider availability of exams. In our expert center so far, we mainly developed EEG-based diagnostic tools (local-global oddball paradigm[START_REF] Bekinschtein | Neural signature of the conscious processing of auditory regularities[END_REF] Faugeras et al., 2012) and multivariate automatic classification of conscious state based on EEG-derived features(Sitt et al., 2014; Engemann et al., 2018)). But as we've seen, FDG-PET seems to have very interesting diagnostic performances, especially with the innovative metabolic index quantification method developed byStender et al. (
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 614 -glucose PET imaging can robustly identify the minimally conscious state and explain its behavioral heterogeneity as a function of preserved cortical networks Authors Bertrand Hermann 1,2,3 , Johan Stender 1 , Marie-Odile Habert 1,3,4,5 , Aurélie Kas 1,3,4,5 , Mélanie Denis-Valente 1,6 , Federico Raimondo 1,7,8 , Pauline Pérez 1 , Benjamin Rohaut 1 , Jacobo Diego Sitt 1 , Lionel Naccache 1,3,Institut du Cerveau et de la Moelle épinière -ICM, Inserm U1127, CNRS UMR 7225, F-75013, Paris, France 2. Neuro-Intensive Care Unit, Neurology department, Groupe hospitalier Pitié-Salpêtrière, AP-HP, F-75013, Paris, France 3. Faculté de Médecine Pitié-Salpêtrière, Sorbonne Universités, UPMC Université Paris 06, Paris, Laboratoire d'Imagerie Biomédicale, Sorbonne Université, UPMC Université Paris 06, CNRS, INSERM, F-75013, Paris, France 5. Nuclear Medicine department, Groupe hospitalier Pitié-Salpêtrière, AP-HP, F-75013, Paris, France 6. Neurophysiology department, Groupe hospitalier Pitié-Salpêtrière, AP-HP, F-75013, Paris, France 7. Coma Science Group, GIGA Consciousness, University of Liège, Belgium 8. Centre du Cerveau 2 , University Hospital of Liège, Belgium

  approved by the local ethic committee (Comité de Protection des Personnes; CPP n° 2013-A01385-40) Ile de France 1 (Paris, France) under the code 'Recherche en soins courants' (routine care research). Informed consent was obtained from patient's relative.PopulationDisorders of consciousness patients were patients admitted to the Neurology Intensive Care Unit of the Pitié-Salpêtrière university hospital (Paris, France). The hospitalization, whose goal was to determine their state of consciousness, lasted approximately one week during which they undergone repeated behavioral assessment, a high-density electroencephalogram recording (EEG) and a 18-fluoro-deoxy-glucose positron emission tomography (FDG-PET In addition to the patients, previously acquired PET images from 32 healthy controls with no history of neurological disorders were used for the PET quantification procedure (see below).Behavioral assessmentDoC patients' behavior was assessed using the JFK Coma Recovery Scale-Revised (CRS-R)(Giacino and Kalmar, 2005). This scale evaluates the patient's response to a set of hierarchically ordered items in six different domains: auditory, visual, motor, language and oromotor, communication and arousal. The CRS-R, both quantitative and qualitative, is the current goldstandard to diagnose altered states of consciousness. During the hospitalization, several CRS-R were performed by trained physicians in order to get the best diagnostic accuracy. Patient final state of consciousness was defined by the best response observed over the different CRS-R. 104 CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS 5/24 PET acquisition and quantification Acquisition All PET-TDM were acquired on the same PET-CT (Philips Gemini, Philips Medical Systems) in the nuclear medicine department of the hospital. Patients without mechanical ventilation and free of sedation for at least 48h. Patients and controls received a bolus injection of FDG adjusted to body weight and were kept at rest in a dark and quiet room. PET images were recorded starting from 20 minutes to 1 hour after the circulation of the tracer using two different protocols: the first consisted in the static acquisition of a single 15 minutes frame, the second, used in restless patients in order to minimize motion artifacts, consisted in the acquisition of three consecutives frames of 5 minutes each. Images were corrected for attenuation, as well as
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  Bekinschtein et al., 2009) to study unconscious (local) and conscious (global) processing of auditory novelty. Blocks are constituted of repetition of 5 tones trials, in which the first four tones are identical and the fifth is either of same (standard trial) or of a different (higher or lower) pitch (deviant trials). Two levels of auditory regularity are orthogonally manipulated, either within trials according to the nature of the fifth sound (80% of standard and 20% of deviant trials), or within block, according to the relative frequency of deviant and standard trials over the entire block (see(Bekinschtein et al., 2009)). The within trial contrast of standard vs. deviant, the local effect, corresponds to the violation of auditory regularity on a short time scale, eliciting signatures of automatic and unconscious auditory processing (mismatch negativity and P3a). By contrast, the within block contrast of standard vs. deviant trials, the global effect, corresponds to the violation of auditory regularity on a long time scale, requiring active maintenance of the rule in working memory, and thus eliciting signatures of conscious auditory processing (P3b). For each subjects, epochs were baseline corrected over the 800 ms window preceding the onset of the fifth sound and t-test for unequal variance were conducted over the whole time-series for both local and contrast (local deviant vs. local standard) and the global contrast (global deviant vs. global standard) over the whole time-series. As in our previous publication(Faugeras et al., 2012), we used a stringent triple-threshold to determine the presence of a local and global effect in individual subjects. An effect was considered present, if the two following criteria were met: first if a significant difference (p-value ≤ 0.01) was 106 CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS 7/24 observed on at least 5 consecutive time samples and 10 adjacent electrodes starting from the onset of the fifth sound and second if this difference was stronger (either lower minimal p-value

2. 2 .

 2 FDG-PET & EEG8/24 discrimination metrics with their 10000 bootstrapped 95% confidence interval (CI95%): area under the ROC curves (AUC), sensitivity (recall), specificity, positive (precision) and negative predictive values, positive and negative likelihood ratios, and accuracy. We assessed both insample and out-of-sample classification for both procedure. For the FDG-PET, in-sample performances were derived from the optimal MIBH threshold according to the ROC curve, while out of sample performances were derived from the use of the 3.18 MIBH threshold from Stender et al. study(Stender et al., 2016). For in-sample EEG performances, the SVM algorithm was trained and tested on the same patients, namely the cohort of patients included in the study. Out of sample performances were obtained by training the SVM classifier on a previously published dataset from which we excluded the patients included in the study to avoid overfitting, yielding a total of 341 recordings (VS/UWS n=170, MCS n=171 (MCS-n=82/MCS+ n=89) acquired from 267 independent subjects(Engemann et al., 2018). Predicted probability of being classified MCS (as opposed to VS/UWS) were obtained from the SVM output through Platt scaling.
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2. 2 .

 2 FDG-PET & EEG 10/24 discarded because they were scanned more than one hour after the tracer injection, four were discarded after visual assessment by nuclear medicine physicians blinded to the consciousness state of the patients because of insufficient quality and one last recording was not included because the patient was comatose at the time of scanning, leaving 64 independent DoC patients FDG-PET recording included in the study: 23 VS/UWS, 34 MCS and 7 EMCS. Measures of diagnostic performances of the FDG-PET and EEG were restricted to the VS/UWS and MCS population.

Figure 1 .

 1 Figure 1. Flow chart CRS-R: coma recovery scale -revised; EMCS: emergence of minimally conscious state; MCS: minimally conscious state; MIBH: metabolic index of the best preserved hemisphere.

Figure 3 .

 3 Figure 3. FDG-PET and EEG performances (A) ROC curves of in-sample (left) and out-of-sample (right) diagnostic performances of FDG-PET (yellow) and EEG-based classification (green) with corresponding discrimination area under the curve (AUC). Similar in-sampleAUC were found for FDG-PET and EEG (0.830 vs. 0.847, p=08417) while FDG-PET slightly outperformed EEG, however not significantly, on out-sample performances (0.830 vs. 0.764, p=0.4588. (B) Scatterplot representation of the support vector machine (SVM) classifier probability to be classified MCS according to the FDG-PET metabolic index of the best preserved hemisphere (MIBH) and the absence (circle) or presence of unconscious (local effect, triangle) or conscious (global effect, square) auditory processing of auditory novelty during the 'local-global' paradigm. Dashed gray lines represent thresholds for MCS vs. VS/UWS discrimination.

  with consciousness: the left paracentral lobule (AUC 0.835 [0.730-0.919]), the left lingual and calcarine regions from the occipital cortex (0.834 [0.731-0.918] and 0.832 [0.728-0.922]) as well as the left and right supplementary motor areas (0.817 [0.699-0.911] and 0.816 [0.701-0.909] respectively). Actually, among the regions traditionally associated with consciousness, only the left precuneus ranked in the top 10 discriminative regions (0.821 [0.705-0.912]). These findings suggest that the VS/UWS vs. MCS distinction rather reflect a difference in overall 116 CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS 17/24

Figure 4 .

 4 Figure 4. FDG-PET regional discrimination performances Respective AUCs and 10000 bootstrapped 95% confidence intervals for the VS/UWS vs. MCS discrimination of 45 gray matter regions (41 cortical regions and 4 basal ganglia regions defined from the AAL atlas) in both hemispheres and 10000 permutation testing against 0.5 false discovery rate (FDR) correction. Blue dashed line and shaded region represent the AUC and 95% confidence interval of the metabolic index of the best preserved hemisphere.

2. 2 .

 2 FDG-PET & EEG 18/24 difference was observed for either the communication or oromotor/verbal function subscale, potentially due to the rarity of patients exhibiting these behaviors. These very different patterns of metabolic activity, consistent with the observed behaviors further stress out the heterogeneity of MCS patients and the difficult interpretation of CRS-R items in terms of consciousness physiology.

Figure 5 .

 5 Figure 5. Metabolic correlates of CRS-R MCS items Independent FDG-PET metabolic correlates of the CRS-R MCS items in (A) the auditory subscale (B)the visual subscale and (C) the motor subscale (p<0.005 uncorrected, cluster extent 100 voxels, superimposed on coronal, sagittal and axial slices of the MNI 152 T1 brain template with related y, x and z MNI coordinates). L=left; R=right.

/ 29 current

 29 behavioral repertoire of MCS items is limited and restricted to a few cognitive domains in the gold-standard revised version of the Coma Recovery Scale (CRS-R)), ii) a proportion of ~30% clinically VS/UWS patients are actually in a richer state than VS/UWS as evidenced by functional brain-imaging, iii) and the neurophysiological and cognitive interpretation of each MCS item is still unclear and debated. In the current study we demonstrate that habituation of the auditory startle reflex (hASR) tested at bedside constitutes a novel and one of the best behavioral signs that accurately distinguish MCS from VS/UWS. In addition to enlarging the MCS items repertoire, -and therefore decreasing the low sensitivity of current behavioral measures -, we also provide an original and rigorous description of the neurophysiological basis of hASR through a combination of functional (high-density EEG and 18-deoxy-glucose PET imaging) and structural (Diffusion Tensor Imaging MRI) measures. We show that preservation of hASR is associated with the functional and structural integrity of a brain-scale fronto-parietal network, including prefrontal regions related to control of action and inhibition, and mesoparietal areas associated with MCS and conscious states. Taken together our results demonstrate that hASR is a cortically-mediated behavior, and establish it as a new clinical item to identify clearly and accurately non-communicating patients who are in the MCS.INTRODUCTIONSince 2002, neurological examination of awake but non-communicating patients takes advantage of the Coma Recovery Scale (CRS-R) that is an extremely valuable behavioral tool allowing the distinction between a vegetative state (VS), -also coined unresponsive wakefulness syndrome (UWS) -, and a minimally conscious state (MCS)(Giacino et al., 2002; Giacino et al., 2004). The CRS-R rapidly became the gold-standard behavioral scale to explore disorders of consciousness because of: i) the relatively short amount of time required to score a patient (30-45 minutes) ; ii) its excellent inter-examiner reproducibility(Giacino et al., 2004) ; iii) its ability to detect residual signs of non-reflex behaviors in 30-40% of patients who are mistaken for being in a VS/UWS(Schnakers et al., 2009) ; iv) and for its predictive value to prognosis consciousness recovery[START_REF] Luaute | Long-term outcomes of chronic minimally conscious and vegetative states[END_REF] Faugeras et al., 2018).In a recent work, one of us (LN) proposed a reinterpretation of the MCS as defined by the CRS-R(Naccache, 2018). Rather than providing any univocal evidence for a residual conscious state, the CRS-R MCS items allow clinicians to detect with certitude behaviors that recruit cortical networks, as opposed to VS/UWS items that correspond to reflexive behaviors mediated by sub-cortical and brainstem structures. For instance, the presence of smooth visual 128 CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS 3/29 pursuit demonstrates the involvement of an occipito-parieto-frontal cortical network, whereas visual startle relies on a brainstem circuit. In other terms, rather than defining an elusive Minimally Conscious State (see also for problems raised by the MCS expression (Bernat, 2002 ; Fischer and Truog, 2015)), the 11 MCS-items of the CRS-R enable the identification of a Cortically Mediated State (CMS). This new interpretation of MCS as a CMS discards the ambiguity related to the phrasing of MCS ('What is minimal in MCS ?', 'Are MCS patients conscious ?'), and clarifies on solid grounds the importance of CRS-R for probing of consciousness in these patients: given that being conscious requires the functioning of vast cortical networks, the more a patient is MCS (or CMS), the more he/she is prone to be conscious or to recover consciousness. Note that this conception also emphasizes the necessity to use functional brain-imaging tools (e.g.: PET, MRI, EEG) to probe covert cognitive and cortical processes inaccessible to the CRS-R scoring. The recent fractionation of MCS in MCS-(considered as probably not conscious) and MCS+ (allegedly more close to a conscious state) supports this novel interpretation (Bruno et al., 2011). In this context, the ability to probe additional residual cortically-mediated behaviors becomes a crucial goal in order to enrich the bedside clinical tool-box of caregivers who examine patients. Several years ago, one of us (LN) made the following observation when probing the presence of an auditory startle reflex (ASR), the lowest item of the CRS-R auditory subscale: when present, the auditory startle seemed much more often extinguishable in MCS (CMS) patients than in VS/UWS patients. The proposed rational of this observation being that ASR extinction or habituation (hASR) would require the contribution of cortical networks related to executive functions and inhibition. Interestingly, several works originating from decision-making (Libet, 1985; Haggard, 2008; Schultze-Kraft et al., 2016), memory (Jacoby, 1991) and visual perception (Persaud and Cowey, 2008) pointed to the links between the ability to inhibit a behavior and consciousness. If confirmed, this observation and its proposed neurophysiological interpretation could lead to the definition of a new basic clinical sign of MCS/CMS at bedside during behavioral examination, and could also enrich our currentknowledge of the physiological mechanisms of ASR. Indeed, while the neural circuitry subtending ASR is well described, the one in charge of its habituation remains more discussed.
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Ile de France 1 (

 1 Paris, France) under the code 'Recherche en soins courants' (NEURODOC protocol, n° 2013-A01385-40). Patient's family gave their informed consent for the participation of their relative and all investigations conformed the Declaration of Helsinki and the French regulations.
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 229 CONTRIBUTIONS TO DOC DIAGNOSIS5/All participants of the study were patients suffering from brain injuries hospitalized in Paris Pitié-Salpêtrière teaching hospital and referred to our team for consciousness assessment. In addition to the studied behavioral test, patient evaluation comprised repeated clinical assessments (neurological examination and Coma Recovery Scale-revised (CRS-R) and functional and structural brain-imaging (quantitative high-density EEG(Sitt et al., 2014), cognitive evoked potentials using the auditory "local-global" paradigm(Bekinschtein et al., 2009), 18-FDG-PET and MRI) in the absence of contraindications. The CRS-R was performed by trained clinicians and used as the reference gold-standard to define patient's state of consciousness the day of the test as recommended(Giacino et al., 2018). In order to test the hASR diagnostic value, we only included patients exhibiting a standard ASR as defined by the CRS-R (item 1 of the auditory subscale).

  This paradigm was developed by Bekinschtein et al.(Bekinschtein et al., 2009) to study unconscious and conscious cognitive processing of auditory novelty by observing brain response to violation of auditory regularity at two different time scales. Trials are constituted of series of 5 low-or high-pitched sounds (duration 50 ms, inter-sound delay 150 ms). While the first four sounds are always identical, the fifth sound is either identical (standard trials) or different (deviant trials) from the previous ones. Local regularity is defined within trials by the nature of the fifth sound: 80% of the trials end by a standard tone (local standard) while 20% of the trials end by a deviant tone (local deviant). In addition to this within-trial local rule, global regularity is defined within blocks by the relative frequency of standard and deviant trials: standard trials are presented pseudo-randomly 80% of the time (global standard) while deviant trials are presented the remaining 20% of trials (global deviant). All in all, each patients is presented two times with the four elementary blocks, corresponding to every combination of local/global and standard/deviant trials, with the instructions to listen carefully and to count the number of occurrence of deviant trials. Each blocks begins with an habituation phase of 20-30

  using a linear support vector machine (SVM) classifier trained on a separate dataset of 311 recording from 244 patients (n=150 VS/UWS and n=161 MCS) with 20% features selection (best 20% features on univariate F-tests), 5-fold stratified cross-validation and tuning of the C penalization parameter through a grid-search procedure ([10 -6 10 -5 10 -4 10 -5 10 -4 10 -3 10 -2 10 - 1 ]). The classifier was then tested on the patients of the study to predict their probability (from 0 to 1, using Platt scaling from the classifier's output) to be classified MCS (as opposed to VS/UWS) based on their EEG activity. Besides this multivariate analysis, we also analyzed individual markers scalp topographies of average values in time by keeping the sensor dimension untouched. As the functional connectivity, assessed by the weighted symbolic mutual information in the theta band (wSMI θ), is computed for each pairs of channels, we also 132 CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS 7/29

18 F

 18 -flurorodeoxyglucose-PET (FDG-PET) were acquired in the nuclear medicine department of the Pitié-Salpêtrière hospital on the same PET-CT system (Gemini XLS, Philips Medical Systems) only for patients without mechanical ventilation and free of sedation for at least 48h.Contrary to electrophysiological recordings, PET acquisitions were not always performed on the same day as the clinical assessment and only PET performed within one week from the test were kept. Patients received a single bolus intravenous injection of FDG (2 MBq/kg) and were kept at rest in a dark and quiet room. PET images were recorded 30 min after the tracer injection either in a single 15 minutes frame or in three consecutives frame of 5 minutes each for agitated 2.3. HABITUATION OF AUDITORY STARTLE REFLEX 8/29

3. 0

 0 Teslas; 3: Siemens Skyra 3.0 Teslas). Along several other conventional MRI sequences, DWI sequences were performed (respectively, 1: 30 gradient-encoded directions, diffusion b value=1000 s/mm², slice thickness 3 mm, TR/TE = 12000/92 ms; 2: 50 gradient-encoded directions, diffusion b value=1000 s/mm², slice thickness 2.5 mm, TR/TE = 14000/85 ms; 3: 64 gradient-encoded directions, diffusion b value=1000 s/mm², slice thickness 2 mm, TR/TE = 3000/80 ms) to quantify the deep white matter fractional anisotropy (FAdeep) and mean diffusivity (MDdeep). The Functional MRI of the Brain (FMRIB) software library package 5.0 (www.fmrib.ox.ac.uk/fsl/) was used to preprocess DWI data following the subsequent steps: correction for motion and distortion (Jenkinson et al., 2002), brain segmentation (Smith, 2002), computation of FA and MD using the diffusion-tensor model, co-registration of FA and MD maps on the Montreal Neurological Institute (MNI) FA template and extraction of a mask of cerebrospinal fluid (CSF) from the MD map (Otsu, 1979). FA and MD values were then averaged within deep white-matter mask (defined as the outline of the ICBM-DTI-81 whitematter labels atlas of the Johns Hopkins University Laboratory of Brain Anatomical MRI (Mori et al., 2008) after exclusion of CSF voxels). Lastly individual FA and MD values were normalized by the mean values of healthy control subjects acquired with the same MRI protocol. We then performed a quality control analysis to discard low-quality imaging data due 134 CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS 9/29 either to failed protocol compliance, to abnormal motion and artifacts or to co-registration failures (see Supplementary Material 1b).

Figure 1 .

 1 Figure 1. ASR type of response and CRS-R Proportion of the type of response to auditory startle reflex (ASR), either extinguishable (EX, in blue) or inextinguishable (IN, in red) according to the clinical state of consciousness defined by the Coma-Recovery Scale -revised (CRS-R) showing that ASR-EX is more frequent in minimally conscious (MCS) patients than in vegetative (VS/UWS) patients and vice-versa, χ 2 (1)=13.6, p=0.0002 (A). Proportions of ASR response and the scores in each CRS-R subscales (B).

  each of the four following groups: VS-IN, VS-EX, MCS-IN and MCS-EX. 142 CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS 17/29

Figure 3 .

 3 Figure 3. Local-global auditory oddball paradigm (A) Local effect ERP over Fz-centered ROI showing a significant cluster (black) only in vegetative (VS/UWS) and minimally conscious (MCS) patients with ASR extinguishable response, pcl=0.0181 and pcl=0.0195 respectively. Scalp representation of averaged voltage values over the time-period of the cluster clearly show an anterior positivity compatible with a P3a component. (B) Similarly, a global effect over Pz-centered ROI was only found in VS/UWS and MCS patients with ASR extinguishableresponse, with a centro-posterior positivity suggestive of a P3b in MCS, pcl=0.0297 and a negative and more lateralized topography in VS/UWS, pcl=0.0275. SEM=standard error of the mean; STD=standard; DVT= deviant; pcl=cluster p-value.

2. 3 .

 3 Figure 3A).The analysis of the global effect showed a similar and consistent pattern. While no effect was found on Pz-ROI in the two ASR-IN groups (VS-IN and MCS-IN), a significant global effect was present in VS-EX group during the 288-396 ms time-window (p=0.0275), and in MCS-EX group from 348-456ms (p=0.0297 and see Figure3B). While the topography and time-window of the effect in MCS-EX group was suggestive of a P3b component that is reported as a signature of conscious access, the global effect found in VS-EX occurred earlier, and showed an opposite polarity.

Figure 4 .

 4 Figure 4. Contingent negative variation Contingent negative variation (CNV) elicited by the first four sound of the local-global paradigm, with both scalp topographies on top (average values and cluster-based permutation statistics) and ERPs averaged over the Cz-centered ROI. Colored dashed lines indicated a significant CNV slope while gray line indicates a non-significant slope. Only vegetative (VS/UWS) and minimally conscious (MCS)patients with extinguishable response exhibit a significant CNV on both methods, pcl=0.0079 and pcl=0.0216 respectively. SEM=standard error of the mean; pcl=cluster p-value.

  Figure 5. FDG-PET brain metabolism according to ASR habituation response (A) Relation between auditory startle reflex (ASR) habituation and the metabolic index of the best preserved hemisphere showing a higher index in patients with extinguishable response (EX) as compared to patients with inextinguishable response (IN), regardless of the clinical state of consciousness (vegetative (VS/UWS) or minimally conscious (MCS)) as demonstrated by an analysis of variance (ANOVA) main effect of ASR habituation, F(1,32)=4.63, p=0.0391. (B) Whole-brain voxel-

Figure 6 .

 6 Figure 6. Deep white matter integrity according to ASR habituation response Relation between auditory startle reflex habituation (ASR) and the deep white matter integrity assessed by DTI imaging showing a higher fractional anisotropy (FAdeep, top, main effect of ASR habituation, F(1,53)=4.9, p=0.0306) and lower mean diffusivity (MDdeep,, bottom, F(1,53)=3.4, p=0.0693) (B) in patients with extinguishable response (EX) as compared to patients with inextinguishable response (IN), especially in vegetative (VS/UWS). *: p<0.05.
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 3 HABITUATION OF AUDITORY STARTLE REFLEX 155 2.4 Illustration of expert multimodal assessment Current stage This work as been published as: Hermann B, Brisson H, Langeron O, Pyatigorskaya N, Paquereau J, Robert H, Stender J, Habert M, Naccache, L. and Monsel A, Unexpected good outcome in severe cerebral fat embolism syndrome (2018) Ann Clin Transl Neurol, 5: 988-995. doi:10.1002/acn3.596
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Figure 1 .

 1 Figure 1. EEG power spectral density evolution. Legend. Evolution of the power spectral density of the EEG (log transform, unit log(lV 2 /Hz)) overt time showed the predominance of slow rhythm mainly in the delta (1-3-Hz) frequency band at D7 and until M1. At M3, the background rhythm enriched with the diminution of the slow frequency for the benefit of theta (4-8 Hz) frequencies. At M6, theta frequencies left room to a normal alpha (9-12 Hz) background rhythm. Together with this rapid beta and gamma rhythm power spectra also increased over time probably due to more muscle artifacts with the patient regaining some mobility. See Data S1. D7, Day 7; Hz: Hertz; M1, Month 1; M3, Month 3; M6, Month 6; PSD, Power Spectral Density: V, Volt.

Figure 2 .

 2 Figure2.18-FDG PET evolution. Legend.18 -Fluoro-Deoxy-Glucose Positron-Emission-Tomography ( 18-FDG PET) evolution between M1 and M6 (left panel). At M1, the PET showed a diffuse cortical hypometabolism, mainly of the frontal, parietal and temporal associative cortices, preserving the primary sensory and internal temporal cortices as well as subcortical and cerebellar areas. However, the metabolic index of the highest hemisphere was 3.34, compatible with a minimally conscious state metabolic activity.9 At month 6, the metabolic activity of the entire brain was near normal except from the internal temporal lobe and the cerebellum. Metabolic index of the highest hemisphere was 5.23, clearly in the range of conscious and healthy subjects (example of an healthy control on the right panel). A, Anterior; L, Left; M1, Month 1; M6, Month 6; P, Posterior; R, Right.

Figure 3 .

 3 Figure 3. Multimodal clinical and brain-imaging dynamic of recovery. Legend. (Bottom) Longitudinal clinical follow-up of the patient's recovery according to different scores assessing vigilance (Glasgow Coma Scale), consciousness (Coma Recovery Scale-Revised) and cognitive function together with pivotal behavior. (Top) Concurrent brain function according to different functional and structural brain imaging techniques (electroencephalogram, auditory event-related potential, 18-FDG PET-TDM and MRI). bg, background rhythm; CRS-R, Coma recovery scalerevised; CS, Conscious state; D, Day; DWI, Diffusion-weighted imaging; EEG, Electroencephalogram; ERP, Event-related potential; FAB, Frontal assessment battery; FLAIR, Fluid-attenuation inversion recovery; GCS, Glasgow coma scale; H, Hour; M, Month; MCS, Minimally conscious state; MMN, Mismatch negativity; MMSE, Mini-mental state examination; MRI, Magnetic resonance imaging; MV, Mechanical ventilation; PET, Positronemission tomography; UWS, Unresponsive wakefulness syndrome; W, Week.
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  They were thus followed by prospective open-label studies including at most 16 patients using either one session of 20 Hz stimulation over M1 (Manganotti et al., 2013), one (Naro et al., 2015b) or 30 sessions of 10 Hz rTMS over the right-DLPFC (Pape et al., 2014), or 28 sessions of 5 Hz rTMS over the same site (Xie et al., 2015). Only the latter yielded an improvement of CRS-R in 6 out of 10 patients stimulated, with a long-lasting effect persisting at 4 weeks. A more recent study by Xia et al. (

FIGURE 1 |

 1 FIGURE 1 | Different types of stimulation used in DoC patients. Schematic representation of the different types of invasive a non-invasive stimulation used in DoC patients. We listed the main targets and stimulation parameters (intensities, voltages, frequencies, and number of sessions) used in clinical studies. DBS, deep brain stimulation; Hz, Hertz; mA, milli-ampere; rTMS, rhythmic transcranial magnetic stimulation; tDCS, transcranial direct current stimulation; V, Volt; VNS, vagus nerve stimulation.
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 2 Investigation of the behavioral and electrophysiological effect of prefrontal tDCS in DoC patients Current stage This work has been published as a preprint and is currently under consideration in a peer-reviewed journal as: Hermann B, Raimondo F, Hirsch L, Huang Y, Denis-Valente M, Pérez P, Engemann D, Faugeras F, Weiss N, Demeret S, Rohaut B, Parra LC, Sitt JD, Naccache L. Combined behavioral and electrophysiological evidence for a direct cortical effect of prefrontal tDCS on disorders of consciousness (2019) bioRxiv 612309; doi: https://doi.org/10.1101/612309

Figure 1 .

 1 Figure 1. Behavioral response to tDCS (A) Study protocol timeline showing the behavioral (Coma Recovery Scale-revised (CRS-R) and electrophysiological (resting-state (RS) and auditory oddball paradigm (task-EEG)) measures of the effects consecutive to a single transcranial direct current stimulation (tDCS) session. (B) Individual patients' CRS-R scores before and after tDCS are represented for responders (R+, in black) and nonresponders (R-, in gray), together with the number of patients and their state (symbols). (C) The proportion of each state of consciousness, before and after tDCS showed an increase in the higher states of consciousness (exit minimally conscious state (EMCS) and minimally conscious state 'plus' (MCS+)), at the expense of lower states of consciousness (vegetative state/unresponsive wakefulness syndrome (VS/UWS) and MCS 'minus' (MCS-)).
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Figure 2 .

 2 Figure 2. Resting state EEG markers increases after tDCS in responders.Topographic representations of the tDCS-induced changes in normalized spectral power (delta |δ|, theta |θ|, alpha |α|, beta |β| and gamma |γ|), Kolmogorov complexity (K), permutation entropy in the thetaalpha band (PE θ) and weighted symbolic mutual information in the theta-alpha band (wSMI θ) over the 224 scalp electrodes according to the behavioral response to tDCS. After minus before differences are presented for both non-responders (R-) and responders (R+) (left columns), followed by the contrast between the two (middle columns) and the corresponding statistical comparison using a two-steps spatial cluster-based permutation approach (right columns). Significant centro-parietal clusters were found for |θ| and |α| power (p=0.0343 and p=0.0425) and for wSMI θ (p=0.0114). Absolute t-values are plotted with a red color scale when a significant cluster was found and in grey otherwise. Electrodes forming the cluster are highlighted by white circles.

Figure 3 .

 3 Figure 3. Functional connectivity in the theta-alpha band. Three-dimensional representation of functional connectivity in the theta band assessed by the weighted symbolic mutual information (wSMI θ) showing a significant increase in the centro-posterior regions in responders (R+) compared to non-responders (R-). Four significant clusters involving respectively 902 (p=0.01), 438 (p=0.02) 363 (p=0.03) and 245 (p=0.04) pairs of electrodes were identified. For visual clarity, they are plotted together (total of 1948 pairs) (A). Restricted contrast revealed a significant increase in the wSMI θ over centro-parietal regions (one single cluster of 5918 pairs of electrodes, p=0.02, see B bottom row) after tDCS in responders, whereas no change could be detected in nonresponders (B, upper row).

Figure 4 .

 4 Figure 4. Neural signatures of conscious access to auditory stimuli increases after tDCS in responders (A). Dynamics of event-related potentials elicited by tDCS in an auditory oddball paradigm (After > Before difference of the Deviant (Dvt) > Standard (Std) contrast), in non-responders (R-, top) and responders (R+, bottom) respectively. (B) A significant spatio-temporal cluster was observed over left fronto-temporal electrodes (white circles) between 28 ms to 376 ms (p=0.008; left panel), and the timecourse of its voltage amplitude is shown. in R-(blue) and R+ (red). (C) Temporal generalization decoding analysis revealed A significant increase of the decoding performances (after minus before mean AUC) in response to tDCS in R+ as compared to R-, with two significant clusters approximately maximal around 300 ms and 600 ms respectively (p=0.002 and p=0.04). (D) Restricted comparisonsshowed that while a significant increase in decoding could be observed in R+ (significant clusters around 300 and 600 ms, p=0.03 and p=0.04), no such effect could be found in R-. The metastable square pattern in this late time-window is suggestive of an increased P3b component induced by tDCS in R+.

Figure 5 .

 5 Figure 5. Correlation of electrophysiological response with electric fields magnitude.To determine the mechanism of action of tDCS, the pre/post change in EEG multivariate prediction of consciousness was correlated with tDCS-induced electric field distribution modeled on single-subject anatomy using T1-weighted MRI (n=47 patients). Correlations were restricted to areas with electric fields likely to have a physiological effect using a cut-off of mean electric fields>0.5 V/m. Multivariate EEG prediction of consciousness significantly correlated with higher electric fields in superficial cortical areas close to the stimulating electrodes (left dorsolateral prefrontal cortex and right supraorbital cortex) and with lower electric fields in the adjacent skin (voxel-wise significant positive (red) and negative (blue) correlations with p<0.01 uncorrected). The average correlation coefficient in the areas with were 0.433 and -0.432 in the areas with positive and negative correlations respectively. A statistical analysis on the strength of these mean correlations using 10000 permutations yielded p=0.0069 and p=0.0359 respectively (similar results were obtained when analysis was limited to areas with mean electric fields>1V/m, not shown).
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 2 TDCS IN DOC PATIENTS 12/17 and most importantly, both the association of the behavioral response with an enhancement of EEG signatures of consciousness and the correlation of prefrontal cortices electric fields with the electrophysiological response are suggestive of a direct causal effect of tDCS on brain function, while the negative correlation at the scalp argues against indirect effects mediated by skin sensations. The use of such objective and quantified measures of brain activity is mandatory in transcranial electric stimulation studies, not only because it allows to investigate the causal link between behavior and cognitive function and the mechanisms through which

  As patients were non communicating patients, informed consents were obtained from the patients' relatives. The protocol conformed to the Declaration of Helsinki, to the French regulations, and was approved by the local ethic committee (Comité de Protection des Personnes Ile de France 1 (Paris, France) CPP n° 2013-A01385-40) under the code 'Recherche en soins courants'. This study was registered retrospectively on July 29 2019 on ClinicalTrial.gov: NCT04035655.PopulationAll patients referred to the Neurology Intensive Care Unit of the Pitié-Salpêtrière university hospital (Paris, France) for an evaluation of consciousness were screened for participation in the study. This standardized evaluation included detailed and repeated behavioral assessments, structural and functional brain-imaging recordings (standard and quantitative EEG, cognitive evoked potentials, MRI). In the absence of contra-indications to tDCS (pace-maker, metal in the head, uncovered craniectomy, refractory epilepsy), patients' also had a single open-label tDCS session (following the procedure previously used by Thibault et al.21 and described below). Non-comatose DoC patients, without mechanical ventilation nor contra-indication to tDCS were included.

  of consciousness was assessed using the clinical gold-standard Coma Recovery Scale-Revised scale (CRS-R) which evaluates the presence or absence of responses on a set of 200 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 15/17 hierarchically ordered items testing auditory, visual, motor, oromotor, communication and arousal function. CRS-R is both quantitative (scores range from 0 to 23) and qualitative with some key behaviors defining different states of consciousness (coma, VS/UWS, MCS or exit-MCS). Response to tDCS (R+) was defined a priori by an increase in CRS-R score after stimulation compared to the CRS-R score before stimulation by contrast with no change or a decrease in CRS-R score (R-). All CRS-R were performed by trained physicians (FF, BH and PP) at the same time of the day (end of the morning). Each patient was evaluated by the same physician, and physicians were not blinded to the intervention. However, it's important to note that we used analyses based on objective EEG measures with the post-stimulation recording preceding the post-stimulation behavioral assessment, and that since all patients received the same active stimulation, the findings of the R+ vs. R-comparisons are unlikely to be explained by an expectation bias.
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17 -

 17 King at al.11 and reflects the statistical dependence of the transformation of the EEG signal into patterns of k discrete symbols (here k=3) sampled a different time interval (𝜏) which determines the frequency range specificity. In this study, we focused on the wSMI in the theta-alpha range (4-10 Hz, τ=32 ms), that we called wSMI θ, which has the best discriminative power across different state of consciousness (from VS/UWS to conscious subjects). 202 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 17/Complexity: Kolmogorov-Chaitin complexity and permutation entropy in the theta band, which computes the entropy of a signal transformed into discrete symbols.

  to deviant minus standard trials, before and after tDCS, and compared R+ with R-(or VS/UWS with MCS & exit-MCS) with the following contrast: [[Deviant -Standard]after -[Deviant -Standard]before]R+ vs. [[Deviant -Standard]after -[Deviant -Standard]before]R-.
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 3 ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 23/17 neurophysiological changes that are not detected with the clinical behavioral assessment.

(active 2

 2 mA stimulation and sham stimulation), separated by at least 48 hours, in a double-218 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 5/22

Figure 1 .

 1 Figure 1. Experimental designVisual awareness was assessed using a backward masking paradigm in which the target stimuli were followed by metacontrast masks after different stimulus onset asynchrony (SOA). Participants were first asked to perform an objective rating forced-choice number comparison task and second to rate the subjective visibility of the target using a binary answer (A). Two sessions in which either 2 mA active transcranial direct current stimulation (tDCS) or sham stimulation were performed in a double-blind randomized cross-over design (B). Each session comprised three blocks, pre-, during and poststimulation. In each one of these blocks, the task was performed with concurrent high-density EEGrecordings (C).
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Figure 2 .

 2 Figure 2. Behavioral performances Mean (± standard deviation) subjective visibility (A), sensitivity index (B) and objective discrimination (C) of the target stimuli as a function of stimulus onset asynchronies (SOA) and blocks during sham (left column) and 2mA transcranial direct current stimulation (right column) sessions.
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Figure 3 .

 3 Figure 3. Evoked responses to the target stimuli over Pz region of interestMask-subtracted evoked responses potentials to target stimuli (onset at 0 ms) over Pz-centered region of interest as a function of stimulus onset asynchrony (SOA) (all blocks pooled). Errobars represent standard error of the mean and the shaded gray area represent the 300-500 ms time-window used to extract the mean P3b amplitude (A). Mean (and standard deviation) P3b amplitude as a function of SOA) and blocks during sham (left column) and 2mA transcranial direct current stimulation (right column) (B).

3. 3 .

 3 Figure2). No significant modulation of functional connectivity was observed. Additionally, no significant modulation was observed when computing the same PSD and connectivity metrics on resting-state EEG (Supplementary Figure3 & 4).

Figure 4 .

 4 Figure 4. tDCS-induced modulation of EEG activity during the task Modulation of raw power spectral densities (A) and weighted symbolic mutual information metrics (B) in different frequency bands, during sham and 2 mA active tDCS (two columns on the left) and their difference (middle column) and corresponding statistical comparison using a two-step cluster based permutation procedure (two columns on the right)

Figure 5 .

 5 Figure 5. tDCS-induced modulation of normalized aloha power correlates with visibility of the stimuli.Topographical representation of the Pearson's correlation coefficient (upper left) and corresponding p-value (second column on top) between tDCS-induced modulation of normalized alpha activity (2mA (post-pre) > sham (post-pre)) and the corresponding area under the curve (AUC) of the subjective visibility. Two significant clusters of negative correlation were found (two columns on the upper right).Correlation between the cluster's average normalized alpha power and the AUC subjective visibility are represented on the bottom of the figure.

3. 4

 4 Investigation of the role of fronto-parietal communication in conscious access to visual stimuli in healthy conscious subjects through tACS Current stage This work was the basis of Başak Türker Master's thesis, that I co-supervised with Jacobo Diego Sitt, Lionel Naccache and Antoni Valero-Cabré. It is still an ongoing work, of which we only analyzed the behavioral results so far. Yet we thought these results were worth including in the thesis because they further illustrate the complexity of transcranial electrical stimulation effects on cognition: Hermann B, Türker B, Sitt JD, Valero-Cabré A, Naccache L. Investigating the role of fronto-parietal cortex in conscious access to visual stimuli in healthy conscious subjects.Short presentationContextSynchronized oscillatory activity is a key putative mechanisms by which brain networks support cognitive functions. This mechanism would especially play a key role in consciousness by subserving the feedforward and reverberating activity between a fronto-parietal network and primary sensory areas required for the global broadcasting of information within the GNW. Correlative studies pointed to several frequencies, from gamma(Melloni et al., 2007) and beta(Gross et al., 2004; Gaillard et al., 2009) frequencies when contrasting conscious from subliminal stimuli, to slower frequencies such as theta-alpha when contrasting different levels of consciousness[START_REF] King | Information Sharing in the Brain Indexes Consciousness in Noncommunicative Patients[END_REF]. In a previous work,Polanía et al. (2012) showed that the manipulation of the phase difference between frontal and parietal areas could modulate working memory performances. This work demonstrated the importance of precise timing of these frontoparietal oscillations along their causal implication in working memory, a function closely related to consciousness.CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS

tACS stimulation 6

 6 Hz theta tACS was delivered during 20 minutes simultaneously over the left dorsolateral prefrontal cortex and the left posterior parietal cortex with a vertex return electrode (F3, P3 and Cz electrodes of the 10-20 international scalp EEG system, respectively) using the Starstim® stimulator (Neuroelectrics, Barcelona, Spain) and 25 cm 2 sponge electrodes soaked with saline.
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Figure 1 .

 1 Figure 1. Experimental designVisual awareness was assessed using a backward masking paradigm in which the target stimuli were followed by metacontrast masks after different stimulus onset asynchrony (SOA). Participants were first asked to perform an objective rating forced-choice number comparison task and second to rate the subjective visibility of the target using a binary answer (A). Three sessions in which either in-phase (0° phase difference), anti-phase (180° phase difference) or sham fronto-parietal transcranial alternating current stimulation (tACS) in the theta band were applied in a double-blind randomized cross-over design (B). Each session comprised three blocks, pre-, during and post-stimulation. In each one of these blocks, the task was performed with concurrent high-density EEG-recordings (C).
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  reduced the SOA dimensionality by computing the area under the curve (AUC) of subjective visibility as a function of SOA and assessed separately ON-stimulation effects and OFFstimulation effects by subtracting pre-stimulation baseline performances from during stimulation and post-stimulation performances respectively.3.4. TACS & CONSCIOUS ACCESS IN HEALTHY SUBJECTS 8/16

Figure 2 .

 2 Figure 2. Subjective and objective performancesMean (and standard deviation) subjective visibility (top), and objective discrimination (bottom) of the target stimuli as a function of stimulus onset asynchronies (SOA) and blocks during in-phase (left column), antiphase (middle column) and sham stimulation (right column).

  30 vs. 0.00 ± 0.23, p=0.018, Cohen's d effect size=-0.69), outlasting the end of the stimulation (-0.31 ± 0.36 vs. -0.02 ± 0.33, p=0.018, d=-0.73, Figure 2B). By contrast, in-phase stimulation did not yield significant change of subjective visibility neither during nor after stimulation despite a trend towards lower AUC during stimulation as compared to sham (-0.136 ± 0.33 vs. 0.00 ± 0.23, p= 0.082, d=-0.37).

Figure 3 .

 3 Figure 3. Online and offline effect of stimulation on subjective visibility Online (during stimulation minus pre-stimulation) and offline (post-stimulation minus pre-stimulation) mean (and standard deviation) subjective visibility of the target stimuli as a function of stimulus onset asynchronies (SOA) (top). The different SOA were further aggregated using the area under the curve (AUC) of the subjective visibility (bottom).
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 4 TACS & CONSCIOUS ACCESS IN HEALTHY SUBJECTS 10/16 tACS stimulation also decreased objective performances

p=0. 0421 .

 0421 Post-hoc comparisons of response bias AUC indicated that anti-phase stimulation significantly increased response bias towards unseen during and after stimulation as compared to sham (0.70 ± 0.93 vs. -0.07 ± 0.63, p= 0.0085 and 0.83 ± 1.20 vs. 0.04 ± 1.03, p= 0.039). By contrast, in-phase stimulation did not significantly modulate response bias, neither during stimulation (0.10 ± 0.76 vs. -0.07 ± 0.63 , p= 0.4393) nor after stimulation (0.305 ± 0.913 vs. 0.04 ± 1.03, p= 0.345). 248 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 11/16

Figure 4 .

 4 Figure 4. Signal detection theory sensitivity index and decision criterionMean (and standard deviation) sensitivity index (top), and criterion (bottom) signal detection theory measures of the target stimuli detection as a function of stimulus onset asynchronies (SOA) and blocks during in-phase (left column), anti-phase (middle column) and sham stimulation (right column).
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  and in working memory storage capacity through theta-gamma phase coupling(Vosskuhl et al., 2015; Alekseichuk et al., 2016). A tACS study synchronizing left PFC and temporal cortex in the theta band recently validated this hypothesis together with improving working memory performances in older adults(Reinhart and Nguyen, 2019). Moreover, the study from Polania et al., suggested that PFC-parietal long-range phase interactions could also be manipulated with phase-specific effects on working memory performances(Polanía et al., 2012). Theta band oscillation thus seems appropriate to support the long-distance prefronto-parietal communication which is supposed to play a key role in other cognitive functions. Indeed coordinated activity within a widespread prefronto-parietal network observed when contrasting consciously perceived versus subliminal stimuli(Dehaene et al., 2001; Sergent et al., 2005) has been postulated as one of the constitutive element subserving consciousness(Dehaene and Naccache, 2001; Dehaene et al., 2006; Dehaene and Changeux, 2011). In consciousness so far, theta band functional connectivity was mainly associated with conscious state as it enabled a

250 CHAPTER 3 .

 3 ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS13/16 demonstrated on the brain electrophysiological activity so far(Neuling et al., 2013; Kasten et al., 2016), but rarely on the behavior(Reinhart and Nguyen, 2019), which is encouraging in view of potential clinical applications. However, we failed to elicit an improvement of conscious access in our study as both in-phase and anti-phase stimulation had the same detrimental effect on stimulus visibility. First interfering with endogenous brain oscillations even in case of successful synchronization could result in impaired performances(Chander et al., 2016). Moreover, we did not use a stimulation tailored to individual theta frequency of subjects, but a fixed 6 Hz stimulation. Alternatively these findings could mean that we failed to synchronize fronto-parietal activity. Indeed, since the influential publication on which we based our stimulation parameters(Polanía et al., 2012), several concerns directed towards this type of montage were raised. First its effectivity in synchronizing frontal and posterior parietal sites assumes that the distance and the conductance of the tissues should be the same in both stimulation paths. While F3-Cz and P3-Cz are equidistant in terms of scalp distance, effective electrical currents are mainly propagated subcranially, through intra-cortical pathways which differ in terms of structural (sulci and gyri), cytoarchitectural (neuronal types), neurochemical (neurotransmitters) and neurophysiological (excitability levels and natural frequencies of local operating oscillators) factors. Moreover, each one of these is subject to inter-individual variability, which could in turn impact stimulation outcome(Wiethoff et al., 2014; Opitz et al., 2015; Quentin et al., 2015; Li et al., 2019). Additionally, we did not guide electrode positioning with individual MRI-based neuronavigation approaches, although these systems are rarely used in transcranial electrical stimulation protocols as compared to transcranial magnetic stimulation strategies, due to the less focal spatial resolution of the technique particularly suited to influence large-scale cortical networks.
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Finally, the use 16 (

 16 of a single frequency precludes to draw definite conclusions on the frequency-specific effect of the phase manipulation in our study. Worsening of performances could also result from the modulation of other frequencies by theta stimulation as shown by the suppression of gamma frequency and subsequent impairment of perceptual performances during occipital low-frequency stimulation (Herring et al., 2019). Given the previous links between conscious access and gamma (Schurger et al., 2006; Melloni et al., 2007; Wyart and Tallon-Baudry, 2009) and/or beta frequencies (Gross et al., 2004; Gaillard et al., 2009; Chanes et al., 2013; Vernet et al., 2019), phase manipulation of different frequency bands would surely precise the relations between visual awareness and synchronized oscillations. But prior to this kind of study, the analysis of the electrophysiological recordings acquired during our task will hopefully help disambiguate the different hypotheses proposed here to explain the impaired conscious access to visual stimuli irrespective of the phase manipulation. Indeed, combining behavioral measures of stimulation strategies with a joint assessment of brain activity is critical to reveal the exact nature of the of the modulation of brain activity elicited by stimulation 252 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 15/Bergmann et al., 2016; Romei et al., 2016; Thut et al., 2017) and therefore to unravel the causal links between subjective conscious experience and neuronal activity.

4. 1 .

 1 NOVEL DIAGNOSTIC APPROACHES 259 this new conception therefore encourages us to look for definite and precise rather than fuzzy and minimal signs of consciousness in non-communicating patients.Following this idea, we thus proposed the habituation of auditory startle reflex as a new sign of minimally conscious state, conceived as an extension of the current auditory startle reflex of the CRS-R. Starting from a basic clinical observation and the hypothesis that top-down inhibition of automatic brain responses would require large-scale cortical networks, we here proposed the first sign derived from the cortically-mediated state framework. Beyond a mere cortically-

4. 2 .

 2 NOVEL THERAPEUTIC APPROACHES 261 tients. However, the open-label design of this study prevented us to investigate more generally the causal nature of the effect of tDCS in improving consciousness in this population. This is why during my PhD, I contributed to two other randomized controlled studies of tDCS in DoC patients. The first, named Two Intensities of Transcranial Direct Current Stimulation to Improve Consciousness in Severely Brain Injured Patients (STIMCOM, NCT03007784, https: //clinicaltrials.gov/ct2/show/NCT03007784?term=STIMCOM&rank=1), is a soin courant protocol, investigating the therapeutic effect of repeated sessions of 2 mA left dorso-lateral tDCS versus 0.2 mA stimulation. I wrote the protocol of the second study, named CONsciousness Transcranial Electric STimulation (CONTEST, NCT03576248, https://clinicaltrials.gov/ct2/show/ NCT03576248?term=hermann+naccache&rank=1), which is basically the replication of our open-

  that underlying brain structural and functional anatomy[START_REF] Li | Traumatic axonal injury influences the cognitive effect of non-invasive brain stimulation[END_REF][START_REF] Stiso | White Matter Network Architecture Guides Direct Electrical Stimulation through Optimal State Transitions[END_REF] greatly impacts the effects of stimulation. This clearly indicates that one-size-fits-all approaches employed thus far should be discarded at the profit of more individualized stimulation strategies. In this respect, the reappraisal of the classic semiology of disorders of consciousness allowing to probe the residual function of cortical networks at bedside could maybe help to better stratify patients in future therapeutic studies. But the major change will surely come from whole-brain computational modelling of brain networks(Deco et al., 2017a(Deco et al., ,b, 2018b)). Gustavo Deco et al. recently showed that this kind of modelling based on structural and functional multimodal imaging along with in silico mathematical simulation of perturbation(Deco et al., 2018a) could be used to predict the external force to apply to induce brain-state transitions towards awakening[START_REF] Deco | Awakening: Predicting external stimulation to force transitions between different brain states[END_REF].

Figure S2 .

 S2 Figure S2. DoC-feeling scale. Original French version (top) and English translation of the DoC-feeling scale (bottom).
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  Dehaene et al., 1998; Dehaene and Naccache, 2001; van Gaal et al., 2014; Rohaut et al., 2015, 2016), syntactic (Batterink and Neville, 2013; Berkovitch and Dehaene, 2019) or emotional level

  Other features of anesthesia-induced loss of consciousness seem to be the loss of complexity of brain EEG signal[START_REF] Velly | Differential Dynamic of Action on Cortical and Subcortical Structures of Anesthetic Agents during Induction of Anesthesia[END_REF], reduction in the capacity of integration of information(Schrouff et al., 2011;[START_REF] Sarasso | Consciousness and Complexity during Unresponsiveness Induced by Propofol, Xenon, and Ketamine[END_REF] and impoverishment of resting-state brain dynamics(Barttfeld et al., 2015; Sarasso et al., 2015; Cavanna et al., 2018; Uhrig et al., 2018). The same is true for non-REM sleep, in which both fronto-parietal metabolism (Maquet et al., 1997; Braun et al., 1997; Nofzinger et al., 2002) and connectivity are reduced (Horovitz et al. 2009; Spoormaker et al. 2010; Sämann et al. 2011; Tagliazucchi et al. 2013b,c, see Dang-Vu et al. 2010; Tagliazucchi et al. 2013a; Tagliazucchi and van Someren 2017 for a review). Finally, a common substrate Koch and Tsuchiya, 2007). Indeed, it has been suggested that selective attention can occur without awareness (McCormick, 1997; Kentridge et al., 2008;[START_REF] Bressan | The attentional cost of inattentional blindness[END_REF]. The reverse could also true, as awareness of a stimulus can occur without attending to it[START_REF] Wyart | Neural Dissociation between Visual Awareness and Spatial Attention[END_REF]. Moreover, attention can amplify mental representations remaining unconscious[START_REF] Naccache | Unconscious Masked Priming Depends on Temporal Attention[END_REF][START_REF] Koivisto | Independence of Visual Awareness from the Scope of Attention: An Electrophysiological Study[END_REF][START_REF] Smout | Spatial Attention Enhances the Neural Representation of Invisible Signals Embedded in Noise[END_REF]. However, this amplification can also lead to the facilitation of conscious access as illustrated by the effect of attentional cues on conscious perception[START_REF] Posner | Orienting of attention[END_REF]. Even retrospective cueing after the offset of a stimulus can lead to the conscious perception of the stimulus

1.1. CONSCIOUSNESS: GENERAL NOTIONS AND CONCEPTS 21 2016).

of loss of consciousness during epilepsy, regardless of the type or site of seizure onset, is the decreased activity in fronto-parietal associative cortices, precuneus and cingulate

[START_REF] Salek-Haddadi | Functional magnetic resonance imaging of human absence seizures[END_REF][START_REF] Englot | Impaired consciousness in temporal lobe seizures: Role of cortical slow activity[END_REF][START_REF] Blumenfeld | Cortical and subcortical networks in human secondarily generalized tonic-clonic seizures[END_REF][START_REF] Blumenfeld | Positive and negative network correlations in temporal lobe epilepsy[END_REF][START_REF] Guo | Impaired consciousness in patients with absence seizures investigated by functional MRI, EEG, and behavioural measures: A cross-sectional study[END_REF]

. Interestingly, loss of consciousness during seizure seems to be associated with long-distance hyper-synchronization

[START_REF] Arthuis | Impaired consciousness during temporal lobe seizures is related to increased long-distance cortical-subcortical synchronization[END_REF][START_REF] Lambert | Alteration of global workspace during loss of consciousness: A study of parietal seizures[END_REF][START_REF] Bonini | Altered synchrony and loss of consciousness during frontal lobe seizures[END_REF]

. This excessive synchrony would prevent the minimal degree of complexity and differentiation required for the coding of conscious representations

[START_REF] Bartolomei | The global workspace (GW) theory of consciousness and epilepsy[END_REF]

.

As we will see in the second chapter of this introduction (section 1.2, page 26), these general principles largely apply to DoC physiology. Consequently, most of the neuroimaging tools used for DoC diagnosis rely on the objectification of the activity generated within this widespread network (either at rest or during a task), along with the quantification of the fronto-parietal long-distance communication and of the brain ability to segregate and integrate complex informations. 1.1.3.4 Attentional amplification While often conflated with consciousness, as in the classic definition of William James, 'Attention [...] is the taking possession by the mind, in clear and vivid form, of one out of what seem several simultaneously possible objects or trains of thought, localization, concentration, of consciousness are of its essence', recent findings have led to the suggestion that selective attention and conscious access are distinct processes ((Sergent et al., 2011, 2013), emphasizing the role of late top-down processes in conscious access. So in the end, while attention seems neither necessary nor sufficient, in crowded scenes and/or in case of competing stimuli, selective attention is essential to amplify the specific representation that will reach awareness. This bottleneck or gateway phenomenon (Tombu et al., 2011) is the basis of paradigms such as the attentional blink (Marti et al., 2012). 1.1.3.5 Controversies over the role of the frontal cortex Considerable controversies are still hanging regarding the true nature of NCC, defined as the neuronal mechanisms both necessary and sufficient for consciousness. The debate mainly cristallizes around the role of the prefrontal cortex on conscious access and the possibility that the prefrontal activation described previously might rather indicate pre-and post-perceptual processes unrelated to conscious access itself. This would be especially true for contrastive studies using subjective reports as criterion (Aru et al., 2012; de Graaf et al., 2011), which would confound NCC with other cognitive functions such as introspection (Gusnard et al., 2001), working memory (Soto and Silvanto, 2014), attention

  Frassle et al. (2014) used the pupil dilation and optokinetic nystagmus as proxies of report in a binocular rivalry paradigm . While in the standard report condition, the classic widespread frontoparietal activation was observed, in the no-report condition, the frontal activation almost vanished and only the parietal activation persisted. Other studies with no-report[START_REF] Brascamp | Negligible fronto-parietal BOLD activity accompanying unreportable switches in bistable perception[END_REF][START_REF] Farooqui | When attended and conscious perception deactivates fronto-parietal regions[END_REF][START_REF] Schröder | Neural basis of somatosensory target detection independent of uncertainty, relevance, and reports[END_REF] or within-state paradigms[START_REF] Siclari | The neural correlates of dreaming[END_REF] found similar results, claiming that this centro-posterior region would constitute the true hot-zone of consciousness(Koch et al., 2016). In this view, the frontal cortex would not be necessary for consciousness, but only be implied in attending and reporting the stimuli(Boly et al., 2017). How-masking task with a clear dissociation between altered subjective visibility and roughly preserved objective discrimination. This study specifically identified the importance of the anterior left prefrontal cortex in visual awareness, as this region correlated best with impaired visual threshold. Recently, the same observation was made with patients suffering from right brain damage with notably a decrease of the ventral branch of the right superior longitudinal fasciculus, in the absence of attention deficit[START_REF] Colás | Conscious perception in patients with prefrontal damage[END_REF]. Similarly,Fleming et al. (2014) showed that anterior prefrontal lesions selectively impaired perceptual metacognition (and not metacognitive accuracy on a memory task).

1.1. CONSCIOUSNESS: GENERAL NOTIONS AND CONCEPTS ever, other studies did show that perceptual content could be accurately decoded from prefrontal activity (Wang et al., 2013; Mante et al., 2013; Stokes, 2015; Cortese et al., 2016) and that some prefrontal activity survived even in the absence of overt report (Panagiotaropoulos et al. 2012, see Odegaard et al. 2017 for a recent review).

Anyway, most of the evidence provided so far relied on neuroimaging studies correlating brain activity with different behavioral outputs. In order to obtain causal evidence of the implication of a specific region (prefrontal, parietal or any other region) or of the role of long-distance communication in consciousness, the only experimental solutions are lesional or interference studies. Lesional studies can only be conducted in animals obviously, which limits their generalisability, especially regarding a cognitive function in which subjective reports are so important. The observation of brain lesions in humans can yield important results as previously mentioned, but spontaneous lesions are heterogeneous in mechanisms, their extension is not always clear and often encompasses several different anatomical structures, some locations are rarely seen and compensatory mechanisms can occur after the acute stage

[START_REF] Voytek | Dynamic neuroplasticity after human prefrontal cortex damage[END_REF]

. Nonetheless, even if disputed

(Boly et al., 2017)

, lesional testimonies of the role of the prefrontal cortex do exist (see

[START_REF] Odegaard | Should a Few Null Findings Falsify Prefrontal Theories of Conscious Perception[END_REF] 

for a critical appraisal of this literature). More recent evidence was obtained from the study of 15 patients suffering from prefrontal lesions following tumor ablation, stroke or trauma

(Del Cul et al., 2009)

. In comparison to controls, all patients had a higher threshold for conscious access in CHAPTER 1. INTRODUCTION a visual backward

  This first version was then revised in 2004, after the definition of the MCS syndrome. The CRS-R scale is both quantitative and qualitative and is composed of six subcales assessing 23 different items in the following domains: auditory perception, visual perception, motor function, oromotor and verbal abilities, communication and arousal.While a score > 10 has been associated with MCS diagnosis with good sensitivity and specificity[START_REF] Bodien | Sensitivity and Specificity of the Coma Recovery Scale-Revised Total Score in Detection of Conscious Awareness[END_REF], the main interest of this scale is its qualitative part. Indeed, each of the the six subscales contains hierarchically ordered items, corresponding to different behaviors, from the simplest reflexive behavior to more complex intentional ones. While some of them, such as stereo-
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1.2 State of the art of DoC physiology and diagnosis 1.2.1 Behavioral approaches

As we already mentioned, disorders of consciousness are primarily defined behaviorally. While MCS and VS/UWS behaviors can be seek during standard neurological examination, it is of utmost importance to stress that a dedicated scale should be used for consciousness assessment of DoC patients. Indeed, the rate of misdiagnosis is estimated to be around 40% when using clinical consensus alone

[START_REF] Childs | Accuracy of diagnosis of persistent vegetative state[END_REF][START_REF] Andrews | Misdiagnosis of the vegetative state: Retrospective study in a rehabilitation unit[END_REF][START_REF] Schnakers | Diagnostic accuracy of the vegetative and minimally conscious state: Clinical consensus versus standardized neurobehavioral assessment[END_REF][START_REF] Stender | Diagnostic precision of PET imaging and functional MRI in disorders of consciousness: A clinical validation study[END_REF]

.

1.2.1.1 Coma recovery scale -revised (CRS-R)

Several scales exist to describe comatose patients in the intensive care unit, the Glasgow Coma Scale

[START_REF] Teasdale | Assessment of coma and impaired consciousness. A practical scale[END_REF] 

and the more recent Full Outline of UnResponsiveness (FOUR score,

Wijdicks et al. 2005) 

for instance, but the current gold-standard for the DoC diagnosis in a more chronic setting is the Coma Recovery Scale -revised (CRS-R)

(Giacino et al., 2004; Kalmar and Giacino, 2005)

. A first version of this scale was issued in 1991 by

[START_REF] Giacino | Monitoring rate of recovery to predict outcome in minimally responsive patients[END_REF]

, to B A Figure 1.5: Global Neuronal Workspace Dynamic of unconscious and conscious representations with early feed-forward processing of unconscious representations in early sensory area (top left), followed by a global ignition and activation of a widespread fronto-parietal networks with concurrent feed-back/top-down reactivation of early sensory areas (A). Schematic representation of the global neuronal workspace and its connection with perceptual, motor and higher-order cognitive function modules together with the fate or subliminal, preconscious and conscious representations (B) (adapted from Dehaene et al. 2006). CHAPTER 1. INTRODUCTION describe different stages of recovery from coma. typed withdrawal motor reaction to pain or blink to threat, are only reflexive behaviors and as such can be observed in VS/UWS patients, others items are qualifying for an MCS diagnosis, such as visual fixation, visual pursuit, command following, object manipulation, and vocalizaton, among others (Figure 1.6). The scale also includes two behaviors that are defining the emergence from MCS, in other terms a univocal conscious state: functional use of objects and functional communication allowing the collection of subjective reports.

The great quality of the CRS-R, which has been validated in many different languages and notably in french

(Schnakers et al., 2008b)

, is the very detailed administration guidelines and scoring system accompanying it. This ensures the CRS-R a very good inter-rater reliability, testretest agreement

(Giacino et al., 2004

) and robustness (La

[START_REF] Porta | Can We Scientifically and Reliably Measure the Level of Consciousness in Vegetative and Minimally Conscious States? Rasch Analysis of the Coma Recovery Scale-Revised[END_REF]

. It has also been suggested that CRS-R sensitivity could be improved by incorporating personally relevant stimuli when assessing patients. Thus, EMCS diagnosis would be best achieved using personal belongings to elicit patient's functional use of objects

[START_REF] Sun | Personalized objects can optimize the diagnosis of EMCS in the assessment of functional object use in the CRS-R: A double blind, randomized clinical trial[END_REF]

, visual pursuit would be better looked for using a mirror, rather than a photograph or any other objects

[START_REF] Vanhaudenhuyse | Assessment of visual pursuit in post-comatose states: Use a mirror[END_REF][START_REF] Thonnard | Detection of visual pursuit in patients in minimally conscious state: A matter of stimuli and visual plane?[END_REF] Wannez et al., 2017b;[START_REF] Stenberg | The value of incorporating personally relevant stimuli into consciousness assessment with the Coma Recovery Scale -Revised: A pilot study[END_REF] 

and preferred auditory stimuli could improve the diagnostic precision as compared to the neutral auditory stimuli used in the standard version of the scale

[START_REF] Heine | Effects of preference and sensory modality on behavioural reaction in patients with disorders of consciousness[END_REF]

.

  The CRS-R is not the only scale which has been proposed to assess DoC patients' level of consciousness. As we said, some scales like the Glasgow Coma Scale and the FOUR score are designed for the acute phase and comatose state and as such are not well suited for the VS/UWS vs. MCS distinction[START_REF] Schnakers | Does the FOUR score correctly diagnose the vegetative and minimally conscious states?[END_REF]. Another commonly used scale, the Wessex Head Injury Matrix[START_REF] Shiel | The Wessex Head Injury Matrix (WHIM) main scale: A preliminary report on a scale to assess and monitor patient recovery after severe head injury[END_REF] is more descriptive and is supposed to be used to follow the longitudinal recovery of a brain injury over several weeks to months but does not allow to differentiate VS/UWS from MCS patients. Conversely, other scales are based on the same principle

	CHAPTER 1. INTRODUCTION
	1.2.1.2 Other behavioral tools
	Six subscales items of the CRS-R with, in red, items defining emergence from minimally conscious state
	(EMCS) and in blue, items defining minimally conscious state (MCS).

as the CRS-R, that is to evaluate the behavioral responses to a variety of auditory, visual, motor, and communication prompts: the Coma-Near Coma Scale

[START_REF] Rappaport | Evaluation of coma and vegetative states[END_REF]

, the Disorder Of Consciousness Scale (Pape et al., 2005), the Sensory Modality Assessment and Rehabilitation Technique (Wilson and Gill-Thwaites, 2000), the Sensory Tool to Assess Responsiveness (Stokes et al., 2018), the Motor Behavior Tool-revised (Pincherle et al., 2019). Importantly, none of them overcome the CRS-R in term of diagnostic performances, consistency and reliability (Seel et al., 2013) and CRS-R is currently the gold-standard for consciousness assessment, as stated in the practice guideline update recommendations on DoC of the American Association of Neurology issued in 2018 (Giacino et al., 2018).

  modality, while other modalities, for instance emotions, are harder to test and are most of the time not scored in those scales. One of the reason for that is that reactions such as tears or laughing have to be contextualised to support awareness, which is not easily achieved through standardised procedures. Yet, functional neuroimaging studies clearly suggested that MCS differed from VS/UWS in their capacity to process relevant emotional stimuli[START_REF] Bekinschtein | Emotion processing in the minimally conscious state[END_REF] Laureys et al., 2004;[START_REF] Boly | Baseline brain activity fluctuations predict somatosensory perception in humans[END_REF][START_REF] Di | Cerebral response to patient's own name in the vegetative and minimally conscious states[END_REF] 

One other limitation is that neither the CRS-R, nor any other scale, does exhaust the full range of potential conscious behaviors. Some behaviors are easier to elicit than others, especially in the CHAPTER 1. INTRODUCTION visual and motor

  1.2. STATE OF THE ART OF DOC PHYSIOLOGY AND DIAGNOSISof the meaning of the clinical assessment, that is to answer the question: 'what exactly do we learn about a patient awareness of himself and/or of his environment when we observe a specific (MCS)In the subsequent sections, we'll review the most frequently used neuroimaging techniques in DoC, namely, MRI, PET and EEG. Each and every technique has different characteristics in terms of the origin of brain signal it measures, of its spatial and temporal resolution and of its availability

	behavior ?'
	1.2.2 Brain-imaging techniques

in clinical setting, that makes them complementary with one another. But we will first start by a brief overview of the different types of paradigms available to study brain activity in brain-injured patients.

  More targeted tractography analysis found a relationship between the severity of consciousness level impairment and the disconnection of all structures within the default-mode network (Buckner and DiNicola 2019, see below), and specifically between the thalamus and the precuneus/posterior cingulate (Fernández-Espejo et al., 2012). The critical role of the disruption of precuneus connectivity was further emphasised by individual tract analysis in 8 patients(Lant et al., 2016), which showed reduced fractional anisotropy of tracts connecting the precuneus with subcortical structures and with the anterior forebrain, supporting a mesocircuit hypothesis as the neural basis of DoC (see section 1.3.2, page 68). Finally, DTI also conveys relevant information

Its use in DoC patients first confirmed the existence of marked supra-tentorial gray and white matter lesions shared across etiologies (Newcombe et al., 2010; Gómez et al., 2012) and especially of interhemispheric connections through the corpus callosum (Ferraro et al., 2019). In addition, mean diffusivity of the subcortical white matter and of the thalami was found to reliably distinguish VS/UWS from MCS (Fernández-Espejo et al., 2011).

about the prognosis of patients in both traumatic

(Galanaud et al., 2012) 

and anoxic brain injuries

(Luyt et al., 2012)

, with recent evidence that it could even outperform the standard prognostication tools to predict one-year functional outcome

(Velly et al., 2018)

.

  Decreasing level of consciousness affects all of these networks, with a global reduction of their activity during sleep(Horovitz et al., 2009; Boly et al., 2012), anesthesia(Boveroux et al., 2010; Guldenmund et al., 2013; Schrouff et al., 2011) and disorders of consciousness. Noticeably, activity within the DMN is particularly disrupted in this last condition. This network, which has been linked to internally-oriented cognition (Vanhaudenhuyse et al., 2011), is a widespread midline fronto-parietal network encompassing regions of the medial prefrontal cortex and anterior cingulate, the temporo-parietal junction and the posterior cingulate/precuneus (Raichle et al. 2001; Greicius et al. 2003; Buckner et al. 2008 and Figure 1.7B & C), the latter being the major hub of the

(Raichle et al. 2001; Greicius et al. 2003; Damoiseaux et al. 2006; Laird et al. 2011 and Figure 1.7A).
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network

(Fransson and Marrelec, 2008

). As we've just seen it, the loss of integrity of the structural connectivity between these regions is strongly correlated with the clinical severity in DoC patients.

Accordingly, its functional activity has been shown to relate with the loss of consciousness during coma (Norton et al., 2012; Malagurski et al., 2017) and in DoC patients (Cauda et al., 2009; Boly et al., 2009; Vanhaudenhuyse et al., 2010; Soddu et al., 2012), with again, a major role of the precuneus effective connectivity (Crone et al., 2015). In addition, task-induced deactivation of the DMN, a property thought to reflect interruption of introspective processes to engage in attentiondemanding actions, seems to be absent in VS/UWS and reduced in MCS as compared to controls (Crone et al., 2011). Nevertheless, the DMN is not the only network affected during loss of consciousness, and disruption of neuronal activity is also observed in auditory, visual and executive control networks (Demertzi et al., 2014). More recently, the simultaneous assessment of several resting-state networks connectivity combined with automatic classification has been shown to accurately distinguish VS/UWS and MCS patients, mainly based on auditory and visual intrinsic functional connectivity (Demertzi et al. 2015 and Figure 1.7D). Identification of resting-state networks can also differentiate LIS patients from VS/UWS patients (Roquet et al., 2016).

VS/ UWS Coma MCS- MCS+ EMCS PTCS LIS partial complete Full Recovery Communication Cortical networks SubcorDcal structures only VS CMS Conscious
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	Motor function
	(CRS-R)
	Overt cognition
	(CRS-R)
	Brain imaging
	(EEG/fMRI/PET)
	Figure 1.12: Cortically-Mediated State
	Proposition of a new DoC classification based on both behavior (CRS-R) and neuroimaging findings. Ac-
	cording to this classification, a patient is either conscious if he is able to communicate, in a cortically-
	mediated state (CMS) if his behavior and/or neuroimaging reflect evidence of cortically-generated activity,
	or in a true vegetative state if only reflexive subcortical behavior/activation are demonstrated. Shaded colors
	indicate that the level of evidence is lower if states are only inferred from brain imagery.

  al. 2011; Gabriel et al. 2016 and see Boly et al. 2011; King et al. 2011, Cruse et al. 2012a; Goldfine et al. 2013; Cruse et al. 2013 and Tzovara et al. 2015; Naccache et al.

Table 1 .

 1 

1 tDCS studies in DoC patients

Details of the montages are given as follows: target of the stimulation (electrodes positions according to the 10-20 international system; electrodes surface). RCT: randomized controlled trial; SMC: sensory motor cortex).

Table 1

 1 Patient characteristics

	All (n=47)	UWS (n=20)	MCS (n=27)	P value

6 Hermann B, et al. BMJ Open 2019;9:e026211. doi:10.1136/bmjopen-2018-026211

  . This scale assesses behavior in response to hierarchically ordered prompts in six domains: auditory, visual, motor, oromotor and verbal, communication and arousal. Depending on the observed behavioral responses, patients are labelled VS/UWS if they exhibit only reflexes, or in MCS if they demonstrates cognitivelymediated behaviors reproducible and sustained long enough to be differentiated from reflexive behaviors, such as response to command, visual pursuit, localization of noxious stimuli or However this behavioral evaluation is imperfect since residual signs of awareness and covert cognition can be identified using brain-imaging techniques in patients otherwise clinically unresponsive(Owen et al., 2006; Cruse et al., 2012; Claassen et al., 2019).
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	vocalization for instance. Moreover, a reinterpretation of the MCS concept has been proposed recently on the basis that
	the physiopathology of CRS-R defined MCS behaviors would not necessarily reflect
	awareness, but rather index cortically-driven behaviors and a cortically-mediated state (CMS)
	(Naccache, 2018).	
	In light of both these findings, neuroimaging tools are essential to complement the
	clinical diagnosis and investigate the neuroscientific basis of these different clinical states.
	Among the available tools, 18-fluoro-deoxy-glucose positron emission tomography (FDG-
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PET) consistently demonstrated a reduction of approximately 50% of brain glucose uptake across various unconscious conditions, from anesthesia, to sleep, to DoC. As such it has been proposed as a diagnostic tool for DoC patients

[START_REF] Stender | Diagnostic precision of PET imaging and functional MRI in disorders of consciousness: A clinical validation study[END_REF][START_REF] Stender | Quantitative rates of brain glucose metabolism distinguish minimally conscious from vegetative state patients[END_REF]

. However, in the aforementioned studies, diagnostic labels relied on the subjective assessment of PET results and/or seed-based normalization procedures, prone to odd results in this specific population. In 2016, Stender et al., proposed a novel normalization procedure resulting in a simple measure of global metabolic activity of the most preserved hemisphere, which showed the best diagnostic performances to date

(Stender et al., 2016

). Yet, this measure has never been validated outside the initial center and since the normalization procedure requires on-site acquisition of healthy controls, its generalizability is still unknown.

Outside the PET, other diagnostic tools, easier to implement at bedside, have been proposed. Electrophysiology for instance allows reliable and robust to external validation automatic classification of conscious state based on EEG brain activity

(Sitt et al., 2014; Engemann et al., 2018) 

and event related potentials (ERP) have the potential to probe unconscious and conscious processing through the use of auditory paradigm such as the localglobal paradigm

(Bekinschtein et al., 2009; Faugeras et al., 2011 Faugeras et al., , 2012))

. With the development and greater availability of these modern diagnostic techniques comes the crucial the question of how these diagnostic procedures relates to each other. In this context, PET metabolism has been previously associated with EEG-derived network metric of densely interconnected central hubs

(Chennu et al., 2017) 

and correlated with resting-state fMRI connectivity maps

(Soddu et al., 2016)

. However, these comparisons remains rare whereas they are crucial in view of the wider implementation of these techniques for routine clinical use in which resources are often limited. Moreover, little is known about the potential benefit of the combination of these techniques.

  Higher metabolic index of the best preserved hemisphere values are observed with increasing state of consciousness, from VS/UWS, MCS-, MCS+ to EMCS patients (control patients used for the normalization are in black). Dashed lines optimal in-sample (black) and out-of-sample (gray) thresholds for VS/UWS discrimination. (B)Significant correlation of the metabolic index with the CRS-R scores, Spearman's rho=0.59, p<10-4 . 
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	Figure 2. FDG-PET metabolic index and consciousness		
	(A)				
					973
	Weight, kg	64 [55-77]	70 [53-78]	60 [55-76]	0.474
	Blood glucose, mmol/L	5.4 [4.8-6.1]	5.9 [5.2-6.6]	5.3 [4.8-5.8]	0.019
	Tracer dose, MBq	134 [122-159]	140 [126-159]	133 [121-155]	0.366
	Protocol				0.663
	-Static	45 (79%)	17 (74%)	28 (82%)	
	-Dynamic	12 (21%)	6 (26%)	6 (18%)	
	Injection delay, minutes	37.0 [32.0-42.4] 37.5 [31.5-48.2] 37.0 [32.3-42.0] 0.929
	EEG				
	Delay from best CRS-R	0 [0-0]	0 [0-0]	0 [-2.5-0]	0.904
	Acquisition				
	-Recorded	57 (100%)	23 (100%)	34 (100%)	1.0
	-Analyzable	52 (91%)	21 (91%)	31 (91%)	1.0
	Local-global paradigm (n=52)				0.402
	-Global effect	16 (31%)	5 (24%)	11 (26%)	
	-Local effect	15 (29%)	5 (24%)	10 (32%)	
	-No effect	21 (40%)	11 (52%)	10 (32%)	
	Six month outcome				
	GOSE (n=49)				0.282
	-Good (≥4)	4 (8%)	0 (0%)	4 (13%)	
	-Bad (<4)	45 (92%)	18 (100%)	27 (87%)	
	Consciousness (n=49)				0.037
	-Conscious	7 (4%)	0 (0%)	7 (23%)	
	-Unconscious	42 (86%)	18 (100%)	24 (77%)	
	Table 1. FDG-PET Population characteristics			
	CRS-R: coma recovery scale -revised; EEG: electroencephalogram; GOSE: Glasgow outcome scale
	extended; MCS: minimally conscious state; VS/UWS: vegetative state/unresponsive wakefulness
	syndrome state.				
		13/24		

Quantitative data are expressed as mean ± standard deviation or median [interquartile range] and compared through Student t-test and Mann-Whitney-U test respectively. Categorical data are expressed as count (percentage) and compared through chi-squared test or Fisher's exact test.
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Validation of the FDG-PET metabolic index as a reliable diagnostic tool

So far, FDG-PET as a diagnostic tool, had only been tested and validated in separate cohorts from the same center in Liège. In this setting, this metric demonstrated the best diagnostic performances of several other diagnostic tools

(Stender et al., 2016)

, over fMRI for instance

[START_REF] Stender | Diagnostic precision of PET imaging and functional MRI in disorders of consciousness: A clinical validation study[END_REF]

. We thus aimed to investigate the generalizability of FDG-PET and quantification procedure to other settings.

  best preserved hemisphere (MIBH) to diagnose MCS condition, as compared to the reference gold standard, i.e. the best state of consciousness observed over a range of repeated CRS-R measurements. VS/UWS patients had a significantly lower MIBH than MCS patients (median MIBH of 2.70 vs. 3.65, p<10 -4 ), with a good discrimination performances (AUC of 0.821 [0.694-0.930]). At the optimal MIBH cutoff of 3.07, corresponding to 54% of the healthy controls metabolism (median MIBH of 5.73), accuracy (fraction of correctly identified patients over the whole cohort) was 84%, positive predictive value was 85%, negative

predictive value was 78%

, sensitivity was 85%

 

and specificity was 78%

[56- 93]

.

  ). In-sample EEG performances were comparable to FDG-PET, with an AUC of 0.912 [0.807-0.986], accuracy of 85%, positive predictive value of 83%[66- 

	93] and negative predictive value of 88% [64-99]. Sensitivity was 94% [79-99] and specificity
	71% [48-89]. EEG and FDG-PET performances were not significantly different (D=-1.23,
	10000 random permutations p=0.218).								
				IN-SAMPLE PERFORMANCES					
	Imaging Metrics		FDG-PET			EEG				FDG-PET & EEG	
			MCS	VS	All		MCS	VS	All		MCS	VS	All
	Contingency	+	27	5	32	+	29	6	35	+	31	8	39
	table	-	4	16	20	-	2	15	17	-	0	13	13
		All	31	19	52	All	31	21	52	All	31	21	52
	AUC		0.816 [0.681-0.928]			0.912 [0.807-0.986]			NA		
	Accuracy		83 [70-92]			85 [72-93]			85 [72-93]	
	Sensitivity		87 [70-96]			94 [79-99]			100 [89-100]	
	Specificity		76 [53-92]			71 [48-89]			62 [38-82]	
	Positive PV		84 [67-95]			83 [66-93]			79 [64-91]	
	Negative PV		80 [56-94]			88 [64-99]			100 [75-100]	
	Positive LR		3.66 [1.68-7.96]			3.27 [1.65-6.48]			2.62 [1.52-4.53]	
	Negative LR		0.17 [0.07-0.44]			0.09 [0.02-0.35]			0.00 [0.00-Inf]	
				OUT-OF-SAMPLE PERFORMANCES				
	Imaging Metrics		FDG-PET			EEG				FDG-PET & EEG	
			MCS	VS	All		MCS	VS	All		MCS	VS	All
	Contingency	+	26	5	31	+	18	4	22	+	29	7	36
	table	-	5	16	21	-	13	17	30	-	2	14	16
		All	31	21	52	All	31	21	52	All	31	21	52
	AUC		0.816 [0.681-0.928]			0.770 [0.619-0.896]			NA		
	Accuracy		82 [69-91]			67 [53-80]			83 [70-92]	
	Sensitivity		84 [66-95]			58 [39-75]			94 [79-99]	
	Specificity		76 [53-92]			81 [58-95]			67 [43-85]	
	Positive PV		84 [66-95]			82 [60-95]			81 [62-99]	
	Negative PV		76 [53-92]			57 [37-75]			88 [62-98]	
	Positive LR		3.52 [1.61-7.69]			3.05 [1.20-7.73]			2.81 [1.52-5.17]	
	Negative LR		0.21 [0.09-0.49]			0.52 [0.33-0.82]			0.10 [0.02-0.38]	

Table 2 . Diagnostic performances of PET-FDG and EEG

 2 

EEG: electroencephalogram; LR: likelihood ratio; MCS: minimally conscious state; PV: predictive value; VS: vegetative state/unresponsive wakefulness syndrome state; +: test positive; -: test negative. Values are expressed with their 95% confidence interval.

  AUC of 0.770 [0.619-0.896] and accuracy of 67%, sensitivity of 58% and positive predictive value of 82%. Despite a higher number of patients underestimated by the EEG, the specificity of 81% was within the same range as the PET. Again, EEG and PET out-of-sample performances were not significantly different (D=0.48, 10000 random permutations p=0.628).

	showed a discrimination Best accuracy is achieved by combining FDG-PET and EEG The combination of the PET metabolic index with the EEG-based classification accurately identified almost all MCS patients, yielding an improved sensitivity of 94% [79-99%] with a specificity of 67% [43-85], positive predictive value of 81% [62-99] and negative predictive value of 88% [62-98]. In this context, 7 out of the 21 (33%) VS/UWS patients 2.2. FDG-PET & EEG 16/24 exhibited a higher metabolism and/or richer brain electrophysiological activity than expected.

Interestingly 4 of them (57%) also exhibited a global effect indexing a preserved conscious processing of auditory novelty, which was significantly different than the proportion of patients classified as VS/UWS by both behavior and neuro-imaging techniques (1 out of the 14 (7%), fisher exact test p=0.025). This results strongly suggests that the combination of FDG-PET and EEG accurately identified residual signs of high cognitive function in otherwise clinically unresponsive patients

metabolic index is an accurate and robust procedure to diagnose MCS In

  this study, we showed that external implementation and generalization of the metabolic index quantification procedure of FDG-PET glucose uptake was feasible, with great accuracy and robust performances to diagnose disorders of consciousness. In our cohort, we found that accurate distinction of MCS from VS/UWS patients laid around 50% of normal metabolism, slightly higher than in Stender et al. paper(Stender et al., 2016). While this difference could be due to site and/or protocol specific factors, our finding is similar to results from previous literature in DoC patients, sleep and anesthesia(Braun et al., 1997; Maquet et al., 1997; Nofzinger et al., 2002; Laureys et al., 2004; Shulman et al., 2009; Laureys and Schiff, 2012).

	DISCUSSION
	FDG-PET
	19/24

  Bayne et al., 2017; Naccache, 2018).While our study does not provide definite answer regarding the six clinically VS/UWS patients classified as MCS using both PET and EEG, three arguments support the fact that they may correspond to patients with cognitive-motor or higher-order motor dissociation(Schiff, 

2015;

Edlow et al., 2017)

. First, the proportion of patients is roughly similar to other studies in this population

(Kondziella et al., 2016)

. Second, previous works suggested that both PET metabolism

[START_REF] Stender | Diagnostic precision of PET imaging and functional MRI in disorders of consciousness: A clinical validation study[END_REF](Stender et al., , 2016) ) 

and EEG-based classification

(Sitt et al., 2014; Chennu et al., 2017) 

conveyed meaningful prognostic information in these patients. In our chronic population, we collected consciousness state and functional outcome at six months which may have been too short and/or not sensitive enough to show such similar results. Third, besides differences in outcome, answer to that question can be solved using active paradigms to unravel covert consciousness. In this respect, the fact that half of these behaviorally VS/UWS patients classified as MCS by the PET and/or EEG exhibited a neural signature of consciousness on an independent auditory oddball paradigm indeed strongly suggested higher cognition than expected from the behavior

(Bekinschtein et al., 2009; Faugeras et al., 2011 Faugeras et al., , 2012;;[START_REF] Raimondo | Brain-heart interactions reveal consciousness in noncommunicating patients[END_REF]

.

  2014). Moreover they complement the previous demonstration that several fMRI resting state networks, including auditory, sensorimotor and visual networks were also accurate in discriminating MCS from VS/UWS(Demertzi et al., 2015). This spurred us to investigate the regional cortical patterns independently associated with MCS items in each CRS-R subscales. This analysis yielded that the most prevalent MCS items, namely MCS visual and to a lesser extent motor items[START_REF] Wannez | Prevalence of coma-recovery scale-revised signs of consciousness in patients in minimally conscious state[END_REF] were associated with metabolic activity within specialized and restricted occipital and frontal regions, that do not correspond to the brainscrale fronto-parietal network typically observed during conscious states(Maquet et al., 1997; Nofzinger et al., 2002; Laureys et al., 2004; Boveroux et al., 2010; Laureys and Schiff, 2012).By contrast, auditory subscale response to command, close to the reportability criteria definition of consciousness, was associated not only with metabolic activity in language related regions,Hermann et al., 2019). The acknowledgement of this heterogeneity guided by neuroimaging techniques could both help to better select patients that may improve after a therapeutic intervention and to develop new tailored treatment strategies, which are still desperately needed in this dramatic condition. PET pseudo-quantitative metabolic index of the best preserved hemisphere is an accurate and robust procedure across sites to diagnose MCS, which can even be improved in combination with EEG-based classification. Moreover, our results strongly suggest that the behavioral diagnosis of MCS does not correspond to an elusive and generic conscious state, but rather to a CMS that reveals the preservation of metabolic activity in specialized cortical networks. Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez J-C, et al. pROC: an open-source package for R and S+ to analyze and compare ROC curves. BMC Bioinformatics 2011; 12: 77. Schiff ND. Cognitive Motor Dissociation Following Severe Brain Injuries. JAMA Neurol 2015; 72: 1413. Shulman RG, Hyder F, Rothman DL. Baseline brain energy supports the state of consciousness. Proceedings of the National Academy of Sciences 2009; 106: 11096-11101. Habituation of auditory startle response is a new sign of minimally conscious state.
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Boly et al., 2008;[START_REF] Vanhaudenhuyse | Default network connectivity reflects the level of consciousness in non-communicative brain-damaged patients[END_REF] Crone et al., 2015)

, exhibited high discrimination performance, so was the case for first-or second-order specialized cortical areas such as occipital or supplementary motor areas.

These results are in accordance with a previous findings, that we here replicated, that these regions exhibit the maximal difference when contrasting both state of consciousness (Stender 120 CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS 21/24 et al., but also in default-mode network closely related to conscious processing. This shows that MCS behavioral heterogeneity is paralleled by a corresponding cortical metabolism heterogeneity, supporting the cortically-mediated state hypothesis. In this view, the current complex behaviors defining MCS would not inform us about the potential residual consciousness of patients, but rather inform us with certainty about the anatomo-functional preservation of specific cortical networks (Naccache, 2018). While this could seem trivial at first glance, the reappraisal of a clinical semiology developed decades ago entailed by modern brain-imaging techniques, already shined lights on debates around the visual fixation for instance. Indeed, the absence of metabolic differences of MCS patients with fixation only and VS/UWS patients cast shadow over the relevance of this sign as an MCS item (Bruno et al., 2010). Finally, this heterogeneity could also be the basis of the inter-subject variability in treatment response to transcranial direct stimulation as suggested recently by showing a correlation between transcranial direct current stimulation efficacy in improving consciousness and underlying brain anatomy and metabolism (Thibaut et al., 2015, 2018; Context In section 1.2.3.1, we have seen that neuroimaging tools have refined our concepts and taxonomy of DoC patients. On the one hand by showing potential covert consciousness in otherwise clinically unresponsive patients. On the other hand by revealing the ambiguity of some clinical MCS items in indexing indisputable consciousness. We specifically insisted on the proposal to reinterpret the current MCS concept as a cortically-mediated state, as MCS clinical criteria dot not inform us about the potential residual consciousness of patients, but rather about the presence of cortically-generated behaviors.

  filter of 20 Hz. Epochs were baseline corrected over the 800 ms window preceding the onset of the fifth sound and ERP were extracted by group-level averaging of trials over regions

of interest (ROI) for two contrasts: the local contrast (local deviant vs. local standard), that is response to the violation of the short-time scale/local/within-trial regularity and the global contrast (global deviant vs. global standard) for the response to violation of the long time-scale regularity. The local effect was observed over a Fz-centered ROI (mean mean of channels 6, 7, 14, 15, 16, 22, 23) while the global effect was observed over a Pz-centered ROI (mean of channels 100, 101, 110, 119, 128, 129).

  Contrary to EEG datasets, MRI and PET recordings were not always performed on the same day of the CRS-R and ASR habituation testing. Consequently, both analyses were performed using the closest available CRS-R score and ASR habituation testing.
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	Software	
	All analysis except for the PET quantification procedure were performed using open-source
	softwares R (version 3.3.2 (2016-10-31) and Python (version 3.6.7). More precisely EEG
	preprocessing were done using homemade scripts, markers computations used freely-available
	NICE library (Engemann et al., 2018) (https://github.com/nice-tools/nice) and MNE-python
	(Gramfort et al., 2014) and Scikit-learn (Pedregosa et al., 2011) packages. Statistical analysis
	were performed using Statsmodels and Seaborn Python packages, as well as caret (Kuhn, 2008),
	MRI analysis	
	Relation between structural integrity of white matter tracts and hASR was assessed on both
	FAdeep and MDdeep values. These metrics have been previously associated with long-term
	outcome in both traumatic (Galanaud et al., 2012) and non-traumatic injuries (Luyt et al., 2012
	; Velly et al., 2018)injuries. As VS/UWS patients have more severe white matter damage than
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al., 2016) -, with a two-by-two ANOVA including state of consciousness and ASR response type as factors. We then performed voxel-wise analysis of the metabolic index using linear models with age as covariate, since glucose uptake decreases with aging

[START_REF] Moeller | The metabolic topography of normal aging[END_REF][START_REF] Petit-Taboue | Effects of healthy aging on the regional cerebral metabolic rate of glucose assessed with statistical parametric mapping[END_REF][START_REF] Hsieh | Age-related changes of arm movements in dual task condition when walking on different surfaces[END_REF][START_REF] Shen | The Relationship between Cerebral Glucose Metabolism and Age: Report of a Large Brain PET Data Set[END_REF]

. To that end, images were smoothed with a 8mm FWHM Gaussian kernel and masked using a gray matter MNI template. We first performed a simple contrast between the group with extinguishable reflex and the group with inextinguishable reflex, with age as a covariate. To take into account the different proportions of VS/UWS and MCS patients in each group, we then added the state of consciousness as covariate in a second analysis. Significance threshold was set to p<0.005, uncorrected, with a minimum extent of 100 voxels per cluster.

MCS patients (

Newcombe et al., 2010; Fernandez-Espejo et al., 2011 ; Lant et al., 2016 ; Ferraro et al., 2019), we performed the 2X2 ANOVA described above, in order to isolate the independent effect of the type of ASR response on the deep white matter tracts integrity. pROC (Robin et al., 2011) and epiR packages in R. For the PET quantification procedure, dicoms images were converted to niftis using MRIcro, images were registrated on templates using Advanced Normalization Tools (ANTs version 2.0.3), then processed in Matlab (Matlab 9.1 (R2016b) Mathworks Inc., Natick, Massachusetts) using SPM8 toolbox (Statistical Parametric Mapping version 12, Wellcome Trust Centre for Neuroimaging, University of London).

Table 1 . Population characteristics CRS

 1 

	This association between hASR and current MCS items suggests that it could be a
	valuable additional clinical sign to diagnose MCS. AUC for the discrimination of MCS from
	VS/UWS was 0.70 [0.60-0.79], with a 75% CI95% [60-86] sensibility, 65% [49-78] specificity,

-R: coma revovery scale -revised; EEG : electroencephalogram ; FDG-PET : 18fluorodeoxyglucose positron emission tomography; MCS: minimally conscious state; VS/UWS: vegetative state/unresponsive wakefulness syndrome state. Quantitative data are expressed as mean ± standard deviation or median [interquartile range] and compared through Student t-test and Mann-Whitney-U test respectively. Categorical data are expressed as count (percentage) and compared through chi-squared test or Fisher's exact test.

2.12 [1.

40-3.21

] positive and 0.39 [0.23-0.66] negative likelihood ratios. We then compared this performance to every other single CRS-R items defining MCS (Table

2

).

Table 2 . Performances of habitation to ASR vs

 2 

. other CRS-R MCS items

Acc: accuracy; AUC: area under the ROC curve; CI95: 95% confidence interval; NLR: negative likelihood ratio; NPV: negative predictive value; PLR: positive likelihood ratio; PPV: positive predictive value; Pr: prevalence; Sen: sensitivity; Sp: specificity.

  Finally, we also investigated the CNV component that we previously reported as an additional EEG marker of conscious expectation of the fifth auditory sound that conveyed the critical information both for local and global effects(Faugeras et al., 2012). A significant CNV was present in VS-EX and MCS-EX both on the Cz ROI analysis (slope=-1.57, p=0.0005 and
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	slope=-1.19, p=0.0216 respectively) and on the cluster-based topographical analysis (centro-
	anterior cluster, p=0.0079 and p=0.0216 respectively). In MCS-IN group, a significant CNV
	was only found on the ROI analysis (slope=-1.65, p=0.0477, best cluster p=0.2998). No CNV
	was detected in the VS-IN group (slope=-0.45, p=0.4032, best cluster p=0.1893 and see Figure
	4).	
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ASR habituation correlates with MCS-like cortical metabolism

Out of 47 non-mechanically ventilated patients, 40 (85%) undergone FDG-PET acquisition and 35 (74%) recordings were available (5 were discarded due to bad quality, independently assessed by nuclear medicine physicians (MOH, AK), blind to the clinical state and ASR habituation), including 18 ASR-EX patients and 17 ASR-IN patients. Median delay between the clinical assessment and the PET was 1 day (interquartile range = [-1:1]), with no significant difference between the two groups (p=0.25). Characteristics of this sample of 35 patients are described in Supplementary Table

4

(Supplementary Material 2e). As implemented by Stender and colleagues

(Stender et al., 2016)

, we computed the metabolic index of each hemisphere and kept the highest of these two values for the next analyses, as this metric was proven to be one of the most reliable to diagnose MCS. Not only metabolic index was higher in ASR-EX group than in ASR-IN group (3.88 ± 0.96 vs. 3.04 ± 0.56, p=0.0035), but a significant main effect of ASR response type was present in the same ANOVA as previously described for EEG markers (F(1,32)=4.63, p=0.0391). Post-hoc comparison showed higher metabolic index in MCS-EX than in MCS-IN patients (4.04 ± 0.99 vs. 3.29 ± 0.49, p=0.0386),

  Therefore, the discovery a global effect both EX-MCS and in EX-VSUWS groups strongly suggests that most patients of these groups may have consciously accessed to these violations, in contrast with both IN-MCS and IN-VSUWS patients. Note however that the scalp topography of these global effects differed between MCS and VS/UWS ASR-EX patients.While EX-MCS patients showed the typical P3b topography observed in conscious controls when they are aware of global regularity violations or of any other visual or auditory stimulus(Naccache et al., 2016), EX-VSUWS patients showed a central negativity topography that occurred earlier than the P3b. This pattern is reminiscent of the Visual Awareness Negativity that has been reported primarily in the visual modality[START_REF] Koivisto | The earliest electrophysiological correlate of visual awareness?[END_REF], and that was recently extended to the auditory modality[START_REF] Eklund | Auditory awareness negativity is an electrophysiological correlate of awareness in an auditory threshold task[END_REF]. The ultimate interpretation of this difference of topography between the two groups of ASR-EX patients is clearly beyond the scope of the present study, but the mere and specific presence of such a global effect when ASR habituation is preserved suggests a tight link between this sign and conscious state. Note also that the presence of a sustained and stronger CNV response in ASR-ASR is an very powerful new MCS-item as compared to the current items included in the CRS-R. Not only the presence of hASR discriminated well MCS from VS/UWS patients, but this sign also showed the best prevalence and sensitivity values as compared to the other current MCS items[START_REF] Wannez | Prevalence of coma-recovery scale-revised signs of consciousness in patients in minimally conscious state[END_REF]. Moreover, we showed that hASR correlated with MCS-like patterns of brain activity on two validated neuroimaging tools (EEG-based classification and metabolic index of the FDG-PET), and that its presence was associated with an increase of white-matter structural integrity (FA on DTI) that is predictive of motor and cognitive recovery(Galanaud et al., 2012 ; Luyt et al., 2012 ; Velly et al., 2018). The convergence between these two independent brain imaging techniques is crucial as it satisfies the requirement of consilience between tests in this situation of imperfect gold standard(Peterson, 2016), where

	or in pupillometry (Quirins et al., 2018). In a group of 31 patients in a behavioral VS/UWS, the only two who showed a global effect improved to a behavioral MCS within 3-4 days following ERP recordings (Faugeras et al., 2011) (Raimondo Taken together, our results strongly suggest that preserved hASR indexes the residual function of large-scale cortical networks sub-serving conscious states, conscious access to stimuli, and voluntary 'top-down' inhibition of automatic behavioral responses such the ASR. CHAPTER 2. CONTRIBUTIONS TO DOC DIAGNOSIS 2.3. HABITUATION OF AUDITORY STARTLE REFLEX 24/29 150 25/29

et al., 2017). Neural sources of the global effect correspond to a large-scale cortical network including frontal regions and coherent with the global neuronal workspace (Dehaene and Naccache, 2001) and fronto-parietal (Laureys and Schiff, 2012) theories of consciousness. EX patients than in ASR-IN patients further suggests that the former were more prone to actively and consciously expecting the auditory stimuli (Faugeras et al., 2012 ; Sergent et al., 2017 ; Rozier et al., submitted). Future studies should better assess this relation at the individual level, and explore consciousness recovery in dedicated outcome studies. In a very complementary and coherent way, our PET results revealed that precuneus and posterior cingulates cortices, -that belong to the major node of the DMN (Fransson and Marrelec, 2008)-, correlated with hASR. Reduced activity within these two regions has been repeatedly associated with loss of consciousness in various physiological and pathological conditions such as slow wave sleep (Horovitz et al., 2009 ; Boly et al., 2012) , general anesthesia (Boveroux et al., 2010 ; Schrouff et al., 2011) , and disorders of consciousness (Cauda et al., 2009 ; Vanhaudenhuyse et al., 2010 ; Soddu et al., 2012 ; Demertzi et al., 2014 ; Demertzi et al., 2015)

ASR habituation is a powerful sign of CMS

In accordance with the recent proposal to reinterpret the minimally conscious state as a cortically-mediated state

(Naccache, 2018

), hASR appears as a new additional behavioral sign that can be used to differentiate MCS from VS/UWS patients. We showed that habituation to ~15-20% of clinically VS/UWS patients show patterns of brain activity suggestive of MCS or conscious state

[START_REF] Owen | A new era of coma and consciousness science[END_REF] Sitt et al., 2014 ; Kondziella et al., 2016 ; Edlow et al., 2017 ; Claassen et al., 2019)

. Such a situation calls for a new classification of disorders of consciousness that would include some of these neural measures

(Bayne et al., 2017; Naccache, 2018) 

, but it also underlines the importance to expand the range of MCS/CMS behaviors that can be tested at bedside. Indeed, most functional brain-imaging technics (PET, fMRI, quantitative EEG and cognitive ERPs) show a very limited availability in most routine care structures.

Table 1 .

 1 Patient's clinical evolution over a year together with brain imaging and electrophysiology and potential confounders of consciousness and cognition.

	). bg, background rhythm; CRS-R, Coma recovery scale -

ARDS, acute respiratory distress syndrome; CRS-R, coma recovery scale-revised; CT, computed tomography; FA, fractional anisotropy; FAB, frontal assessment battery; GCS, Glasgow coma scale; GOAT, Galveston orientation and amnesia test; M, month; MMSE, mini mental state examination; MRI, magnetic resonance imaging; PET, 18-fluoro-deoxyglucose positron emission tomography; VAP, ventilator acquired pneumonia.

  ) (McLardy et al., 1968; Tsubokawa et al., 1990; Cohadon and Richer, 1993; Schiff et al., 2007; Yamamoto et al., 2010; Wojtecki et al., 2014; Adams et al., 2016; Magrassi et al., 2016; Chudy et al., 2018; Lemaire et al., 2018).

TABLE 1 |

 1 Deep brain stimulation studies in DoC patients.

	Study	Design/	Population	Target/Stimulation	Behavioral effects	Electrophysiological/	Side effects
		Control		parameters		metabolic effects	
	McLardy	Case	1 (considered	Left thalamus; midbrain	No modifications of	No post procedure	None
	et al., 1968	report/	as) VS/UWS	(intralaminar	consciousness, left	electrophysiological nor	
		None		nuclei/reticular	hand spontaneous	metabolic evaluation available	
				formation) / 250Hz,	movement		
				1ms			
	Hassler	Case	1 (considered	Left ventral anterior	"Improvement" of	EEG recordings showed a	None
	et al., 1969	report/	as) VS/UWS	thalamus; right pallidum	consciousness,	disappearance of a unilateral	
		None		/ Left, 25-30Hz, 20V,	vocalizations, left limbs	delta focus which is replaced	
				1-3ms; Right 8Hz, 30V,	spontaneous	by an alpha activity	
				1-3ms	movement		
	Tsubokawa	Open-	8 patients	Central thalamic nuclei;	4 recoveries (PCS	Increase of spectral power and	None
	et al., 1990	label/	(VS/UWS)	nucleus cuneiformis	2-4 = > 8-9) 1	desynchronization on EEG in	
		None		(reticular	responder (PCS	the 4 patients who	
				formation)/50 Hz,	2-4 = > 7) 3 failures	recovered/Increase on the brain	
				0-10 V	(PCS 2-4 = > 3-5)	perfusion on MRI in these	
						patients	
	Cohadon	Open-	25 patients	Central nucleus of the	1 moderate disabilities	No post procedure	2 died (unrelated to
	and Richer,	label/	(VS/UWS)	thalamus/50 Hz,	(GOS) 10 severe	electrophysiological nor	surgical procedure)
	1993	None		5-10 V, 5 ms	disabilities (GOS) 12 no	metabolic evaluation available	
					effect (2 patients died		
					before the endpoint)		
	Schiff et al.,	Case	1 MCS	Anterior intralaminar	Fluctuant increase in	No post procedure	None
	2007	report,		thalamic nuclei /	CRS-R subscales,	electrophysiological nor	
		Cross-		100Hz, 4V	better feeding and	metabolic evaluation available	
		over			motor behaviors,		
		RCT/			restoration of		
		Sham			communication		
	Yamamoto	Open-	21 patients	Centro-median nucleus	8 became MCS or	The 8 patients who recovered	None
	et al., 2010	label/	(VS/UWS)	of the thalamus;	EMCS 13 remain VS/	from VS showed	
	(includes	None		midbrain (reticular	UWS	desynchronization on	
	publications			formation) / 25Hz,		continuous EEG frequency	
	since 2002)			various intensities		analysis/Increase on the brain	
						perfusion on MRI in these	
						patients	
	Wojtecki	Case	1 MCS	Internal medullary	No modifications of	Modulation of oscillatory activity	None
	et al., 2014	report/		lamina; nuclei reticularis	consciousness	in the beta and theta band	
		None		thalami/70-250 Hz,		within the central thalamus	
				various intensities		accompanied by an increase in	
						thalamocortical coherence in	
						the theta band	
	Magrassi	Open-	3 patients (1	Anterior intralaminar	Increase of CRS-R in all	Increase of theta and gamma	1 postoperative
	et al., 2016	label/	MCS, 2	nuclei; paralaminar	of the 3 patients:	power spectrum in EEG after	intraparenchymal
		None	VS/UWS)	Areas/80-110 Hz,	14 = > c15 8 = > 11	1 month of stimulation. No	hematoma
				various intensities	6 = > 9	modifications of the evoked	
						potentials.	
	Adams	Case	1 MCS	Anterior intralaminar	Variable increase of	Long term re-emergence of	None
	et al., 2016	report/		thalamic nuclei/100 Hz,	CRS-R (11-14)	sleep patterns	
		None		4 V			
	Chudy	Open-	14 patients (4	Central thalamic nuclei /	3 MCS became EMCS;	No post procedure	3 died (unrelated to
	et al., 2018	label/	MCS, 10	25 Hz, 2.5-3.5 V, 90 µs	1 VS became MCS; 7	electrophysiological nor	surgical procedure)
		None	VS/UWS)		had no improvement of	metabolic evaluation available	
					consciousness (3		
					patients died before the		
					endpoint)		
	Lemaire	Cross-	5 patients (4	Dual pallido-thalamic /	1 VS/UWS and 1 MCS	The metabolism of the medial	1 postoperative
	et al., 2018	over	MCS, 1	30-Hz, 6V, 60µs	had an significant	cortices increased specifically in	bronchopulmonary
		RCT/	VS/UWS)		improvement of the	the two responders	infection
		Sham			CRS-R.		

CRS-R, Coma

Recovery Scale -Revised; DoC, disorders of consciousness; EEG, electroencephalogram; EMCS, Emergence from Minimally Conscious State; GOS, Glasgow Outcome Scale; MCS, Minimally Conscious State; PCS, Prolonged Coma Scale; RCT, randomized controlled trial; VS/UWS, vegetative state/unresponsive wakefulness syndrome.

  Multiple targets have been tested including the reticular formation (McLardy et al., 1968; Tsubokawa et al., 1990; Yamamoto et al., 2010), the central nucleus of the thalamus (McLardy et al., 1968; Tsubokawa et al., 1990; Cohadon and Richer, 1993; Schiff et al., 2007; Yamamoto et al., 2010; Wojtecki et al., 2014; Adams et al., 2016; Chudy et al., 2018), the anterior intralaminar nuclei and paralaminar areas

  . Yet, most studies report DBS performed within the year following the brain injury (Hassler et al., 1969; Tsubokawa et al., 1990; Cohadon and Richer, 1993; Yamamoto et al., 2010; Chudy et al., 2018) so that, in the 29 out of the 41 patients who improved after DBS, spontaneous recovery cannot be excluded.

  al., 2017; Zheng et al., 2017; Velly et al., 2018; Wang et al., 2018; Wu et al., 2018) and the functional connectivity assessed by electrophysiology (Bekinschtein et al., 2009; King et al., 2013; Sitt et al., 2014; El Karoui et al., 2015) or MRI (Owen et al., 2006; Cruse et al., 2011; Boly et al., 2012; Laureys and Schiff, 2012;

TABLE 2 |

 2 Transcrania lmagnetic stimulation studies in DoC patients. Coma Recovery Scale -Revised; DLPFC, dorsolateral prefrontal cortex; DoC, disorders of consciousness; EEG, electroencephalogram; EMCS, Emergence from Minimally Conscious State; M1, primary motor cortex; MCS, Minimally Conscious State; RCT, randomized controlled trial; RMT, resting motor threshold; rTMS, repetitive transcranial magnetic stimulation; VS/UWS, vegetative state/unresponsive wakefulness syndrome.

	Side effects		None			None			None			One epileptic seizure			Not reported				None				None			None				None				None			None			Not reported	None
	Electrophysiological effects		Improvement of latencies of auditory	brainstem evoked potentials		Increase of absolute and relative power	in delta, alpha and gamma band		Increase of absolute and relative power	in delta, alpha and gamma band and	reactivity in the responding patient	Not assessed			Increase of alpha power and decrease	of delta power			No significant effect at the group level,	but some short-lasting modulation of	motor evoked potentials in the 3	responding patients	No significant changes on EEG (Synek	classification)		Significant changes in hemodynamic	parameters (mean and peak velocity of	middle cerebral artery) on transcranial	doppler only in MCS	Concomitant improvement of	perturbational complexity index, global	mean field power and motor evoked	potential.	None			Decreased low-frequency band power	and increased high-frequency band	power, especially in MCS	Increase delta, theta, alpha and beta	power spectra in the responding	patient.	No significant changes in functional	connectivity on EEG
	Behavioral effects		No significant (trend) improvement of	DOC Scale		Increased CRS-R score lasting 6 h after	stimulation		Improvement of consciousness in only	1 patient		Not assessed			6 out of 10 patients stimulated showed	CRS-R improvement persisting at	4 weeks		No significant group effect but small	short-lasting improvement in 3 patients	on the motor subscale of the CRS-R		No significant differences in CRS-R	scores between stimulation and sham		No behavioral effect				Improvement of CRS-R after 20	sessions			Improvement of CRS-R score in all	MCS patients and 4/11 VS/UWS	persisting 10 days after stimulation.	Overlapping population with the	previous study. No statistical testing.		No significant differences in CRS-R.	One patient improved after real	stimulation.	No significant changes of CRS-R	scores
	Target/ Stimulation	parameters	Right DLPFC/30 sessions over	6 weeks of 10 Hz rTMS (300	paired-pulse) at 110% RMT	Left M1/2 sessions of 20 Hz	rTMS (10 trains of 100 stimuli)	at 90% RMT	Left or right M1/1 session of	20 Hz rTMS (10 trains of 100	stimuli) at 120% RMT	Right DLPFC/30 sessions over	6 weeks of 10 Hz rTMS (300	paired-pulse) at 110% RMT	Right DLPFC/28 sessions over	28 days of 5 Hz rTMS			Right DLPFC/1 session of	10 Hz rTMS (1000 pulses) at	90% RMT		Left M1/5 sessions over 5 days	of 20 Hz rTMS (1000 pulses) at	90% RMT	Left M1/1 session of 20 Hz	rTMS (1000 pulses) at 100%	RMT		Left DLPFC/ 20 sessions over	20 days of 10 Hz rTMS (1000	pulses) at 90% RMT		Left DLPFC/ 20 sessions over	20 days of 10 Hz rTMS (1000	pulses) at 90% RMT	Left DLPFC/ 20 sessions over	20 days of 10 Hz rTMS (1000	pulses) at 90% RMT	Left M1/5 sessions over days	of 20 Hz rTMS (1000 pulses) at	100% RMT	Left M1/5 sessions over 5 days	of 20 Hz rTMS (1000 pulses) at	100% RMT
	Design/Control Population		Case report/ 1 VS/UWS patient	None		Case report/ 1 MCS patient	Median nerve	stimulation	Open-label/ 6 patients (3 VS/UWS	None and 3 MCS)		Open-label/ 2 patients	None		Open-label/ 20 patients (2 coma, 11	Case-control VS/UWS, 7 MCS) of	which 10 were	stimulated	Not 10 patients (all	randomized/ VS/UWS) and 10	Sham healthy controls		Cross-over 11 patients (all	RCT/ Sham VS/UWS)		Cross-over 10 patients (5 VS/UWS,	RCT/ Sham 5 MCS)			Case report/ 1 MCS patient	None			Prospective/ 16 patients (11	Not controlled VS/UWS and 5 MCS)		Prospective/ 18 patients (12 had	Not controlled repeated sessions for	20 days)	Cross-over patients (3 VS/UWS,	RCT/ Sham 2 MCS and 1 EMCS)	Cross-over 7 patients (2 VS/UWS	RCT/ Sham and 5 MCS)
	Study		Louise-Bender	Pape et al.,	2009	Piccione et al.,	2011		Manganotti	et al., 2013		Pape et al.,	2014		Xie et al., 2015				Naro et al.,	2015a			Cincotta et al.,	2015		Liu et al., 2016				Bai et al., 2017				Xia et al., 2017			Xia et al., 2017			He et al.,	Liu et al., 2018	CRS-R,

Frontiers in Neuroscience | www.frontiersin.org 6 March | Volume 13 | Article 223

Table 3 .

 3 Vöröslakos et al., 2018), considerable evidence shows that tDCS is able to modulate the neural resting state membrane potential polarization depending on both the polarity of stimulation (Nitsche and Paulus, 2001) and of the underlying brain activity by fine tuning of synaptic gains (Lafon et al., 2017). Interestingly, as for rTMS, tDCS stimulation lasting more than a few minutes is able to induce after-effects mediated mainly by synaptic pathways [modulation of LTP and LTD (Kronberg et al., 2017) through NMDA-dependent synaptic plasticity (Liebetanz et al., 2002; Nitsche et al., 2003)] and other nonsynaptic pathways (Gellner et al., 2016). Initially, tDCS was mainly targeted to probe brain functions in healthy subjects and its first therapeutic use goes back to Hummel et al. The first report of tDCS in DoC patients is from Angelakis et al. (

(2005)

. Since then, numerous studies applied tDCS in various neurologic (Parkinson's disease, dystonia, post-stroke or primary progressive aphasia) and psychiatric conditions (depression, autism, addiction, schizophrenia, and attention disorders) with unequivocal efficacy

[START_REF] Lefaucheur | A comprehensive database of published tDCS clinical trials (2005-2016)[END_REF]

. Studies of tDCS in DoC patients are presented in

TABLE 3 |

 3 Transcranial direct current stimulation studies in DoC patients. Study

  . White matter deficits underlying the impaired consciousness level in patients with disorders of consciousness. Neurosci. Bull. 34, 668-678. doi: 10.1007/s12264-018-0253-3 Xia, X., Bai, Y., Zhou, Y., Yang, Y., Xu, R.,Gao, X., et al. (2017). Effects of 10 Hz repetitive transcranial magnetic stimulation of the left dorsolateral prefrontal cortex in disorders of consciousness. Front. Neurol. 8:182. doi: 10.3389/fneur. 2017.00182 Xie, Y., Zhang, T., and Chen, A. C. N. (2015). Repetitive transcranial magnetic stimulation for the recovery of stroke patients with disturbance of consciousness. Brain Stimul. 8, 674-675. doi: 10.1016/j.brs.2015. 01.406 Yamamoto, T., Katayama, Y., Kobayashi, K., Oshima, H., Fukaya, C., and Tsubokawa, T. (2010). Deep brain stimulation for the treatment of vegetative state. Eur. J. Neurosci. 32, 1145-1151. doi: 10.1111/j.1460-9568.2010.07412.x Yu, Y.-T., Yang, Y., Wang, L.-B., Fang, J.-L., Chen, Y.-Y., He, J.-H., et al. (2017). Transcutaneous auricular vagus nerve stimulation in disorders of consciousness monitored by fMRI: the first case report. Brain Stimul. 10, 328-330. doi: 10. 1016/j.brs.2016.12.004 Zhang, Y., Song, W., Du, J., Huo, S., Shan, G., and Li, R. (2017). Transcranial direct current stimulation in patients with prolonged disorders of consciousness: combined behavioral and event-related potential evidence. Front. Neurol. 8:620. doi: 10.3389/fneur.2017.00620 Zheng, Z. S., Reggente, N., Lutkenhoff, E., Owen, A. M., and Monti, M. M. (2017). Disentangling disorders of consciousness: insights from diffusion tensor imaging and machine learning. Hum. Brain Mapp. 38, 431-443. doi: 10.1002/ hbm.23370 Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest. Copyright © 2019 Bourdillon, Hermann, Sitt and Naccache. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

  Functional connectivity. Response to tDCS was also characterized by an increase of functional connectivity in the theta-alpha band (4-10 Hz), assessed by the weighted symbolic mutual information. When comparing topographies of averaged values, we found a parietooccipital cluster with increased values in R+ as compared to R-patients (p=0.01, g=0.82 [0.11- 
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	1.62]) (Figure 2, last row). This was confirmed by the analysis conducted across all pairs of
	electrodes: 4 significant clusters of electrodes located over parietal and occipital cortices
	showed larger values of functional connectivity for R+ than R-patients (respective p-values
	were 0.01, 0.02, 0.03 and 0.04 with a global g=1.27 [0.52-1.54]; Figure
		80 [0.44-0.80] and p=0.04, g=1.10 [0.79-1.91]
	respectively). Other markers of spectral power did not differ between R-and R+ (SI section B2,
	Figure S2).	
	Complexity. EEG complexity, assessed by the permutation entropy in the theta-alpha
	band, showed a trend of an increase in R+ as compared to R-in the same parietal region (p=0.07,
	g=0.70 [-0.11-1.05]). Kolmogorov and spectral entropy did not differ.
		7/17

  in MCS.. Our study is the first to link electrophysiological changes with behavioral response to tDCS, and the first to link this
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  packages, except for the non-parametric factorial analysis performed in R statistical software with the ARTool 80 package and electric fields analysis performed in Matlab software.

	3.3 Investigation of the role of prefrontal cortex in conscious
	access to visual stimuli in healthy subjects through tDCS
	Current stage
	This work was the basis of Esteban Muñoz Musat Master's thesis, that I co-supervised with Li-
	onel Naccache. It is currently under preparation as: Hermann B, Muñoz Musat E, Türker B, Sitt
	JD, Naccache L. Investigating the role of prefrontal cortex in conscious access to visual stimuli in
	healthy conscious subjects: a tDCS-EEG study.
	Throughout all EEG analyses, from preprocessing to statistical analyses, we tried to comply
	with the CODIBAS-MEEG Best Practices in Data Analysis and Sharing in Neuroimaging using
	MEEG initiative 81 .

  Taken together, our results could not demonstrate a causal role of the left prefrontal cortex in conscious access, but only suggest that modulation of prefrontal activity by tDCS is correlated with visual awareness. Most importantly, our study shows that tDCS effects are heterogeneous and[START_REF] Lumer | Neural correlates of perceptual rivalry in the human brain[END_REF] to name a few. On the other hand, some authors dispute the necessary role of the PFC in conscious perception, claiming that the prefrontal activation identified in previous studies would reflect pre-and/or post-perceptual processes rather than conscious perception per se (de Graaf et al., 2011;Aru et al., 2012; Frassle et al., 2014; To answer this debate it's necessary to move beyond correlation and to probe the causal involvement of the PFC in conscious access. As in other domains of cognitive sciences, one way to proceed is to investigate the behavior of patients suffering from brain lesions or to interfere with cortical activity through electromagnetic brain stimulation, such as transcranial magnetic stimulation (TMS) which enables to reversibly disrupt or facilitate focal cortical activity in healthy subjects. In this respect, a few studies have suggested a deterioration in conscious visual perception in patients with prefrontal lesions[START_REF] Husain | Visual neglect associated with frontal lobe infarction[END_REF][START_REF] Husain | Distinguishing sensory and motor biases in parietal and frontal neglect[END_REF] Del Cul et al., 2009). Related results were obtained using TMS over the frontal eye field[START_REF] Grosbras | Transcranial magnetic stimulation of the human frontal eye field: effects on visual perception and attention[END_REF][START_REF] Turatto | The role of the right dorsolateral prefrontal cortex in visual change awareness[END_REF][START_REF] Smith | Transcranial magnetic stimulation of the left human frontal eye fields eliminates the cost of invalid endogenous cues[END_REF] but these effects probably related more to attentional than to consciousness modulation by TMS. Overall, relatively few studies have addressed this question. Furthermore, an even stronger argument in favor of causality would be to demonstrate an improvement in conscious perception by optimizing the activity of the PFC. to the lack of measurement of the stimulation effect on brain activity. This shortfall is further emphasized by the considerable ambient skepticism about the real effectiveness of tDCS in modulating neuronal activity(Liu et al., 2018; Vöröslakos et al., 2018) 

	that concomitant electrophysiological investigations are mandatory to understand brain-behavior relationships in cognitive functions. Supplementary material Appendix A, page 350 Tsuchiya et al., 2015), which would be supported by more posterior regions. In this view, activity within the densely connected centro-posterior parietal hot zone (Koch et al., 2016b), or Specifically, targeting the left dorso-lateral PFC (dlPFC) had behavioral consequences on working memory(Ruf et al., 2017), executive function (Dedoncker et al., 2016; Imburgio and Orr, 2018), decision-making (Fecteau et al., 2007), motor planning (Dockery et al., 2009) to name a few. In consciousness science, left-dfPLC tDCS has been proposed to improve the level of consciousness of non-communicating patients (Angelakis et al., 2014; Thibaut et al., 2014; Martens et al., 2018; Hermann et al., 2019) suggesting a potential involvement of this region on conscious state but little is known on the effect of this technique on conscious access. Recently Sdoia et al., successfully modulated conscious access to visual stimuli during an 216 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 3/22 3.3. TDCS & CONSCIOUS ACCESS IN HEALTHY SUBJECTS 2/22 to interpret due

INTRODUCTION

Despite undeniable progress, debate is still on about the brain structures necessary and sufficient for conscious perception. On the one hand, several theoretical models, such as in the global workspace theory (Dehaene and Naccache, 2001; Dehaene et al., 2006; Dehaene and Changeux, 2011) or higher-order theories of conscious awareness (Lau and Rosenthal, 2011; Brown et al., 2019), postulate that conscious access to an information requires coherent activity in large-scale brain networks encompassing high-level cortical regions, including the prefrontal cortex (PFC). This hypothesis was indeed supported by numerous correlational studies, using a large variety of paradigms such as masking (Dehaene et al., 2001; Lau and Passingham, 2006; Del Cul et al., 2007), attentional blink (Marois et al., 2004; Sergent et al., 2005) or binocular rivalry (recurrent local activity within first-order sensory regions -occipito-temporal loops in the case of conscious visual perception (Lamme and Roelfsema, 2000; Lamme, 2006) -, would constitute the true neural correlates of consciousness (Koch et al., 2016a; Boly et al., 2017). In this context, the recent development of non-invasive electric transcranial stimulation techniques appears promising. Indeed, transcranial direct current stimulation (tDCS) enables to modulate cortical excitability by the application of low intensity continuous polarizing currents on the scalp. tDCS has been show to elicit polarity dependent effects, with increased excitability of regions underneath the anode and decreased excitability of regions underneath the cathode (Nitsche and Paulus, 2001; Nitsche et al., 2003;

Stagg et al., 2009[START_REF] Stagg | Widespread modulation of cerebral perfusion induced during and after transcranial direct current stimulation applied to the left dorsolateral prefrontal cortex[END_REF]

. tDCS already demonstrated to be safe and successful as a therapeutic option in various neurological disorders

(Lefaucheur et al., 2017)

, but also to improve cognitive functions in healthy conscious subjects. attentional blink (AB) paradigm in a polarity-specific manner, with an enhancement of conscious report during anodal stimulation and opposite effect during cathodal stimulation

(Sdoia et al., 2019)

. However, as in many other studies using tDCS, these results are difficult

  right or left of a central fixation cross (8° of visual angle). The target was followed after a variable delay (Stimulus Onset Asynchrony -SOA-, 16, 33, 50, 66 or 83 ms) by a mask. The mask was constituted of 4 letters surrounding the target (2 horizontally aligned M's and 2 vertically aligned E's) and was presented for 250 ms. All presentation duration were recorded and systematically verified. 800 ms after the target presentations,

	vision and neither neurological/psychiatric past medical history nor medications nor contraindication to tDCS. Behavioral data of one session was missing for one subject yielding a total of 19 subjects analyzed (11 women, 8 men, mean age: 24.8 ± 3.2, range: 21-33 years). This study was part of clinical trial CONTEST_1 sponsored by Inserm. It was granted approval by local Ethics Committee or 'Comité de Protection des Personnes Nord-Ouest 1' on 2018/03/02, authorized by the French authorities (ANSM), and registered in a public trials registry (NCT03574883). All study participants gave their informed, written consent to participation, in line with French ethical guidelines. Behavioral task To assess near-threshold visual awareness, we adapted a visual backward metacontrast masking paradigm from Del Cul et al. (Del Cul et al., 2007), see Figure 1A. Particpants were positioned 3.3. TDCS & CONSCIOUS ACCESS IN HEALTHY SUBJECTS 4/22 approximately) randomly

52 cm from the screen in a dark room, with a chin-rest. re placed 52 cm from the display in a dark and quiet room. Target stimuli (numerals '2', '3', '7' or '8'; height=1.7 cm, width=1.1 cm) were presented on a grey background for 1 frame on a 60 Hz refreshing rate screen

(16 ms 

Table 1 : Behavioral effects of tDCS

 1 

	73, p=0.48, BF01=9 for the

Table 2

 2 

	). Even if

Table 2 . Effects of tDCS on the mean P3b amplitude at different SOA

 2 

	Mean ± standard deviation P3b amplitude (µV) (computed as the mean over Pz-centered region of
	interest and 300-500 ms time-window) as a function of stimulation (sham and 2 mA), block (pre-and
	post-stimulation) and SOA.

  In this study, we probed the role of the left prefrontal cortex in conscious access to nearthreshold visual stimuli using tDCS stimulation. We hypothesized that increased cortical excitability induced by anodal stimulation(Nitsche and Paulus, 2001) would result in improved conscious access to visual targets. However, we did not find such modulation of subjective visibility nor of the P3b signature of conscious access at the group-level in a standard nullhypothesis testing frequentist framework. In order to understand if this lack of effect was the consequence of a lack of power or of the absence of genuine effect of anodal left-dlPFC tDCS effect on conscious access to visual stimuli, we analyzed these results in a Bayesian framework which yielded evidence in favor of latter.Given the skepticism regarding the ability of these techniques to elicit relevant modulation of cortical activity, we wondered if our negative results were driven by the lack of significant cortical modulation by tDCS. Indeed, although it is now demonstrated that the low-power correlated negatively with the subjective visibility of the target stimulus. Alpha normalized power was previously shown to be higher in minimally conscious state patients than in vegetative state patients(Sitt et al., 2014) and is even one of the best univariate EEG marker to discriminate the two(Engemann et al., 2018). However, here, we found that alpha normalized power was negatively correlated with the subjective visibility suggesting that the neural correlates of consciousness could differ between conscious access and conscious states. Indeed, decrease in alpha power, also termed event-related desynchronization, has been repeatedly associated with attentional demand towards external stimuli[START_REF] Thut | Alpha-band electroencephalographic activity over occipital cortex indexes visuospatial attention bias and predicts visual target detection[END_REF][START_REF] Doesburg | Top-down alpha oscillatory network interactions during visuospatial attention orienting[END_REF]. More generally it is thought to be more involved in controlled access to stored information as postulated by Klimesch et al.[START_REF] Klimesch | α-band oscillations, attention, and controlled access to stored information[END_REF] and to reflect the gradual release of inhibition associated with the emergence of bottomup complex spreading activation processes[START_REF] Klimesch | EEG alpha oscillations: the inhibition-timing hypothesis[END_REF]. Interestingly, alpha oscillations amplitude and event-related desynchronization have been previously linked to the AB magnitude with greater level of alpha being associated with larger AB magnitude (and thus

	Vöröslakos et al., 2018). In our study, we observed significant modulation of spectral power after 2mA stimulation as compared to sham stimulation, lasting at least for 20 minutes after the end of stimulation. Importantly, these modulations encompassed the stimulated regions, further emphasizing the causal role of tDCS in generating these changes. Note however that these changes were observed in EEG recorded during the task and not on the resting-state EEG, confirming previous findings (Gordon et al., 2018), and strengthening the fact that stimulation effects are task-(Pope et al., 2015) and state-dependent (Li et al., 2019b). Nevertheless, tDCS did not yield changes in group-level connectivity in any of the studied frequency band, which could explain the absence of effect given the putative role of long-range connectivity in the beta (Gross et al., 2004; Gaillard et al., 2009) and/or gamma (Melloni et al., 2007) frequency bands in conscious access. However, tDCS yielded heterogeneous modulation of brain activity across subjects which correlated with conscious access. We specifically found that tDCS-induced modulation CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 17/22 3.3. TDCS & CONSCIOUS ACCESS IN HEALTHY SUBJECTS 16/22 230 DISCUSSION of normalized alpha

intensity electric field delivered by tDCS are sufficient to reach the cortex (Opitz et al., 2016; Huang et al., 2017) and even deeper brain structures (Chhatbar et al., 2018) and consequently to modulate cortical network excitability (Zaghi et al., 2010; Márquez-Ruiz et al., 2012; Modolo et al., 2018), with potential after-effects (Nitsche et al., 2003; Reis et al., 2009), some authors still claims that tDCS generate little to no reliable neurophysiologic effects (Horvath et al., 2015a) and the debate is still on (Underwood, 2016; Opitz et al., 2017; Ruhnau et al., 2018; decreased conscious access, (MacLean et al., 2012)), but with a different and complex relation according to the lag between T1 and T2 targets in a rapid serial visual presentation task(Maclean and Arnell, 2011). Strikingly, in the only study of tDCS in conscious access so far from Sdoia et al., in which the authors targeted the left-dlPFC during an AB paradigm, anodal and cathodal stimulation had opposite effect on stimulus visibility, but at different lags (Sdoia et al., 2019).

  Dehaene et al., 2001; Rees et al., 2002; Sergent et al., 2005; Kouider et al., minor or no response to stimulation(Wiethoff et al., 2014). Beyond the already discussed state-dependency of tDCS effect, one of the major source of this heterogeneity is to be found in the structural anatomy of subjects, which is the main driver of electric fields current distribution(Opitz et al., 2015). It has thus been shown that tDCS responsiveness depended on underlying networks structural connectivity(Li et al., 2019a) and that even in healthy subjects, left PFC cortical thickness differences among individuals explained more than one third of the variance of stimulation efficacy(Filmer et al., 2019).Unfortunately in our study, we did not acquired participants MRI in order to investigate to correlate the anatomy and/or the modelled electric fields of participants with tDCS responsiveness as we did in an open-label study with DoC patients(Hermann et al., 2019).

	2007). which could be the basis of many false negative results (Horvath et al., 2015a, b) or of the small Most importantly, our findings highlight the heterogeneity of tDCS stimulation effects, 3.3. TDCS & CONSCIOUS ACCESS IN HEALTHY SUBJECTS 18/22 participants had only

effect size and mixed effects generally associated with tDCS stimulation

(Hill et al., 2016)

. As an illustration, the investigation of individual modulation of motor evoked potentials in response to tDCS stimulation over the motor cortex showed that approximately 50% of Reducing this heterogeneity might require more robust stimulation protocols, maybe by increasing intensity which seems to be safe up to 4 mA

(Nitsche and Bikson, 2017)

, but can lead to non-linear and sometimes opposite effects (Batsikadze et al., 2013; Shekhawat and Vanneste, 2018) and/or by using more targeted high-density (Gbadeyan et al., 2016) or multisite (Fischer et al., 2017) montages, which could achieve more powerful and reproducible effects.

Anyhow, our study further illustrates the complexity of effects elicited by transcranial electric stimulation, which goes beyond the anode equals excitation and cathode equals inhibition simplification

[START_REF] Lefaucheur | Mechanisms of action of tDCS: A brief and practical overview[END_REF]

. Functional measures of brain activity in response to stimulation are thus of prime importance for both neuroscientific and clinical use of non-invasive stimulation strategies

(Bergmann et al., 2016; Polanía et al., 2018)

, in order to i) precise the brain-behavior causal relationship in various cognitive function and neurological disorders and ii) to improve the therapeutic efficacy of transcranial electric stimulation.

  1,2,3 , Başak Türker 1 , Jacobo Diego Sitt1 , Antoni Valero-Cabre 1 , LionelHerrmann et al., 2013; Romei et al., 2016; Polanía et al., 2018). Indeed, the weak sinusoidal currents applied to the scalp are able to entrain brain oscillations(Zaehle et al., 2010; Helfrich et al., 2014; Ruhnau et al., 2016; Witkowski et al., 2016; Kasten et al., 2018) and subsequently modulate behavior in a site-specific and frequency-specific manner (Feurra et al., Pogosyan et al., 2009; Moisa et al., 2016) and in the field of working memory, by contributing to demonstrate a causal link between working memory performances and theta-gamma coupling (Vosskuhl et al., 2015; Alekseichuk et al., 2016; Chander et al., 2016; Wolinski et al., 2018). Beyond the entrainment at several frequencies, tACS can also be a valuable tool to investigate the importance of precise timing of oscillations between distant brain regions. Indeed, taking advantage of the frequency-and phase-specificity of the tACS stimulation, Polania et al. investigated the importance of fronto-To assess near-threshold visual awareness, used the same visual backward metacontrast masking paradigm adapted from Del Cul et al. (Del Cul et al., 2007) that we used in the previous

	Naccache 1,3,4 . INTRODUCTION Synchronized oscillatory activity is a key putative mechanism by which brain networks support cognitive functions (Buzsáki and Draguhn, 2004; Fries, 2005; Buzsáki, 2006; Buzsáki and Llinás, 2017). Stemming from empirical work and theoretical contributions, it is hypothesized that long-distance communication is critical for effective integration and segregation of information in consciousness. This mechanism would especially play a role in conscious access by subserving the feedforward and reverberating activity between frontoparietal network and primary sensory areas required for the global broadcasting of information within the global neuronal workspace (Dehaene and Naccache, 2001; Dehaene et al., 2006; Dehaene and Changeux, 2011). Correlative studies pointed to high frequencies such as gamma (Melloni et al., 2007) and beta (Gross et al., 2004; Gaillard et al., 2009) when contrasting conscious from subliminal stimuli and to slower frequencies such as theta-alpha when contrasting different levels of consciousness (King et al., 2013). Paulus, 2013; 2011). So far, tACS has proven particularly useful in the field of voluntary motor control, in which induced gamma oscillations facilitated motor processing (Joundi et al., 2012) while beta oscillatory activity between brain regions to investigate the causal role of phase synchronization in large-scale neuronal integration (Engel et al., 2001; Siegel et al., 2012), paving the way to test the role of long-distance communication in consciousness. To the best of our knowledge, tACS has only been applied once in this context, in a study by Voss et al., where they showed that bilateral fronto-temporal gamma stimulation (at 40 Hz and to a lesser extent at 25 Hz) was CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 4/16 Design and procedure Behavioral task tDCS study, see Figure 1A. In short, target stimuli (numerals '2', '3', '7' or '8') were briefly presented on a gray background (~16 ms) and then followed after a variable delay (Stimulus Onset Asynchrony -SOA-, 16, 33, 50, 66 or 83 ms) by a mask, presented for 250 ms. 800 ms 3.4. TACS & CONSCIOUS ACCESS IN HEALTHY SUBJECTS 2/16 240 after the target presentations, participants were prompted to performed two tasks. First, they were asked to perform a forced-choice comparison of the numerical target with the digit '5' (objective rating). Second, they were requested to assess their visibility of the target through a binary 'yes'/'no' answer (subjective rating). Each sessions consisted in 400 trials, divided into 4 blocks of 100 trials. In each block, a target was presented in 80 trials (16 per SOA) whereas no target was presented ('mask only' condition) in the remaining 20 trials. These catch trials were used to compute signal detection theory measures (d' and bias) and to perform the mask stimulation slowed motor performances (All in all, results from these studies show that tACS can be used to couple or decouple subtraction procedure from the ERPs (see below).

Recent neuromodulation techniques such as transcranial alternating current stimulation (tACS), which delivers alternating electric current to the surface of the scalp, can be used to causally probe the implication of specific frequencies in various cognitive functions (Antal and parietal theta phase-synchronisation in a delayed letter discrimination working memory task

(Polanía et al., 2012)

. While 6 Hz in-phase stimulation of frontal and parietal areas (0° phase difference between frontal and parietal site) resulted in an improvement of performances, the desynchronization with anti-phase stimulation (180° phase difference) increased the reaction times. These results were replicated with a slightly different montage and simultaneous fMRI recording, showing that improved performances during in-phase stimulation were linked to an increased parietal activity

(Violante et al., 2017)

. Further evidence that the manipulation of fronto-parietal phase synchronization could impact behavior was brought by Polania et al. in a value-based choice task

(Polanía et al., 2015)

. An analogous demonstration of causal modulation of bistable apparent motion perception has also been achieved with phase-specific desynchronization of occipito-parietal regions at the gamma frequency

(Strüber et al., 2014)

. able to induce lucid dreams during REM sleep whereas no effect was found at other frequencies

(Voss et al., 2014)

.

  19 for sham stimulation, paired t-test p=0.2931 and 0.24 ± 0.22 for anti-phase stimulation, p=0.0734) nor regarding the attribution of these sensations to 244 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 7/16 stimulation (mean score of 1.37 ± 0.42 for in-phase stimulation vs. 1.22 ± 0.23 for sham stimulation, paired t-test p=0.7010 and 1.26 ± 0.29 for anti-phase stimulation, p=0.7140).

Table 1 . Subjective and objective performances

 1 

	SUBJECTIVE VISIBILITY

Mean (and standard deviation) subjective visibility and objective discrimination of the target stimuli as a function of stimulus onset asynchronies (SOA) and blocks. 246 CHAPTER 3. ELECTRICAL BRAIN STIMULATION OF CONSCIOUSNESS 9/16

Table 1 . Signal detection theory sensitivity index and criterion

 1 Mean (and standard deviation) d' and c measures of the of the target stimuli as a function of stimulus onset

					SENSITIVITY INDEX (d')				
	Stim		In-phase			Anti-phase			Sham	
	SOA/Block	Pre	Dur	Post	Pre	Dur	Post	Pre	Dur	Post
	16 ms	0.38 ± 0.45 0.24 ± 0.50 0.28 ± 0.36	0.29± 0.57	0.34 ± 0.25	0.27 ±0.40	0.21 ± 0.55 0.31 ± 0.49 0.21 ± 0.55
	33 ms	1.36 ± 0.82 1.35 ± 0.74 1.26 ± 0.66 1.32 ±0.79	1.23 ±0.79	1.16 ± 0.88 1.28 ± 0.78	1.21 ±0.83	1.28 ±0.78
	50 ms	2.65 ±0.73	2.40 ± 0.82	2.20 ±0.63	2.24 ±0.89	2.13 ± 0.93 2.15 ± 0.93 2.48 ± 0.88	2.38 ±0.95	2.48 ±0.88
	66 ms	3.40 ± 0.67	3.11 ± 0.89	2.99 ±0.74	2.97 ±0.93 2.81 ± 0.87 2.74 ± 0.78	2.93 ±0.80	3.06 ±0.92	2.93 ± 0.80
	83 ms	3.57 ±0.55 3.37 ± 0.76	3.22 ±0.61	3.31 ±0.82 3.20 ± 0.89	3.11 ± 0.76 3.46 ±0.73	3.30 ±0.87	3.46 ± 0.73
					DECISION CRITERION (c)				
	Stim		In-phase			Anti-phase			Sham	
	SOA/Block	Pre	Dur	Post	Pre	Dur	Post	Pre	Dur	Post
	16 ms	1.38 ± 0.55	1.24 ± 0.58	1.35±0.58	1.17 ± 0.61 1.18 ± 0.66 1.30 ± 0.70 1.37 ± 0.58 1.40 ± 0.52 1.40 ± 0.60
	33 ms	0.78 ± 0.57	0.75 ± 0.58	0.87 ±0.59	0.62 ± 0.61 0.87 ± 0.57 0.85 ± 0.71 0.88 ± 0.61 0.86 ± 0.54 0.92 ± 0.54
	50 ms	0.31 ± 0.43 0.41 ±0.52 0.38 ±0.52 0.15 ± 0.52 0.39 ± 0.57 0.43 ± 0.60 0.46 ± 0.50 0.47 ± 0.46 0.48 ± 0.50
	66 ms	-0.01± 0.36 0.09 ± 0.49	0.11 ±0.37 -0.01± 0.34 0.12 ± 0.46 0.16 ± 0.50 0.18 ± 0.48 0.10 ± 0.54 0.19 ± 0.46
	83 ms	-0.07± 0.31 -0.11± 0.49 -0.02±0 .38 -0.15± 0.40	0 ± 0.41	0.02 ± 0.44 0.07 ± 0.39 0.08 ± 0.43	0 ± 0.38

asynchronies (SOA) and blocks.

  al., 2012, 2014; Shekhar and Rahnev, 2018; Lapate et al., 2019), although our binary scale could not test this hypothesis
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Table S1 . Priors relative to wakefulness (Wk) and awareness (Aw) DoC patients

 S1 . UWS: unresponsive wakefulness syndrome; MCS: minimally conscious state; Wk: wakefulness; Aw: awareness * we used the term "état végétatif" that corresponds to vegetative state (VS).
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ABSTRACT

Neurological examination of non-communicating patients relies on a few decisive items that enable the crucial distinction between vegetative state (VS), -also coined unresponsive wakefulness syndrome (UWS) -, and minimally conscious state (MCS). During the last ten years, this distinction has proven its diagnostic value as well as its important prognostic value on consciousness recovery. However, clinicians are currently limited by three factors: i) the
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Combined behavioral and electrophysiological evidence for a direct cortical effect of prefrontal tDCS on disorders of consciousness Correlation of electric fields with EEG analysis

In order to estimate field distributions in individual patients we follow standard practice, namely, first we segment the head volume into different tissue compartments, then place virtual electrodes, and then use finite-element modeling to estimate current flow in the entire volume.

We then correlate these field magnitudes with the EEG measure and use permutation statistic to determine statistical significance on the strength of these correlations. These steps are described in detail in the following sections.

MRI acquisition

T1-weighted MRI images were acquired during the patient hospitalization in 56 out of the 60 patients of the study, on a 3T General Electric Signa system (Milwaukee, WI) with a varying number of slices (from 152 to 234) and voxel sizes (from 0.42188 to 0.4883 mm 3 ). This variability was not an issue because MRIs were down-sampled to a common 1 mm 3 isotropic resolution in the process of co-registering the individual brains with a common standard (MNI152 standard head, see below).

Tissue Segmentation

Segmentation of the head volume is based on the T1-weighted MRI of each patient.

Segmentation distinguishes the following six tissue types: scalp, skull, cerebrospinal fluid (CSF), gray matter, white matter, and air cavities (e.g. sinuses). Due to the substantial abnormality of these patients' anatomy, popular segmentation algorithms developed for normal heads (e.g., Unified Segmentation as implemented in SPM8 65 often fail to accurately classify different tissues, especially the enlarged ventricles in the brain of these patients. Therefore, we adopted a machine learning approach. Specifically, a volumetric deep convolutional neural network (DCNN) was trained with hand segmentations of MRI's from 37 ischemic stroke heads available from an unrelated project 66 . The trained DCNN was used to segment the 56 MRIs. Since the DCNN requires the input data to have the same size, the MRIs were first registered and resampled to a common space with 1 mm 3 isotropic resolution before entering the DCNN. This was done by using the co-register function in SPM8 67 . Postprocessing of the segmentations was done with a dense 3D conditional random field (CRF) 6867 .

This step makes final corrections to the output of the neural network by incorporating known morphological constraints. These constraints are hand-coded in the weights of the CRF, which penalize neighboring tissue categories that are unrealistic, for example, brain cannot be next to (ANOVA) with stimulation (2 mA or sham stimulation), block (before, during or after stimulation) and SOA (16,[START_REF] King | Two distinct dynamic modes subtend the detection of unexpected sounds[END_REF]50 , 66 or 83 ms) as within-subjects explanatory factors with full interactions. In case of departure from sphericity assessed by Mauchly test, p-values were corrected with Greenhouse-Geisser procedure. In order to probe the effect of active 2mA stimulation (vs. sham), we were particularly interested in the double stimulation*block interaction and the triple stimulation*block*SOA interaction.

We then complemented this analysis by a Bayesian repeated measures ANOVA with the same factors and default uninformative priors (r scale fixed effects = 0.5, r scale random effects = 1 and r scale covariates = 0.354) and posterior samples. For each main effect and interaction, we computed Bayes factor (BF) across matched models, that is computed by comparing models that contain the effect of interest to equivalent models stripped of this effect.

To simplify BF comparisons and interpretation, we presented all BF as ≥ 1 integers (with the following level of evidence: 1: None, 1-3: anecdotal, 3-10: moderate, 10-30: strong, 30-100: very strong, >100: extreme) and we specified the direction of the effect with either BF10 for evidence in favor of the alternative hypothesis or BF01 for evidence in favor of the null hypothesis.

P3b amplitude analysis

We performed a similar frequentist and Bayesian analysis for the P3b amplitude, except that since EEG during the task was not exploitable because of stimulation artifacts, the block factor was restricted to pre-and post-stimulation periods. Moreover, an EEG recording was not available for one subject and EEG analysis were thus restricted to 18 participants.

Spectral power and connectivity analyses -Group-level effect of stimulation

In order to assess the group-level effect of stimulation on brain electrophysiological activity during the task, we computed scalp topographies of PSD and wSMI over different frequency bands on EEG recorded during the task. We then computed the differences induced by either the 2mA or sham stimulation by subtracting baseline values (pre-stimulation block) from the post-stimulation values. We then compared 2 mA vs. sham stimulation using paired t-tests at each one of the 224 scalp sensors followed by a cluster-based permutation test (Maris and Oostenveld, 2007) using the cluster mass metric to control for multiple comparisons with 10000 random permutations.
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9/22 -Behavior-EEG correlations

Lastly, in order to investigate if stimulation effect could vary across subjects, we correlated the 2mA minus sham behavioral differences of the area under the curve (AUC) of subjective visibility (approximated via the trapezoidal method) with the 2mA minus sham spectral power and connectivity measures differences. As for the previous analysis, we used a two-step cluster-based permutation test with first, a standard Pearson correlation coefficient followed by the cluster-based permutation procedure.

Software

All analyses were performed with custom scripts using free open-sources softwares.

Python (version 3.6.7) was used for task and stimuli delivery using psychopy (Peirce, 2007), EEG PSD and connectivity analysis using MNE-python (Gramfort et al., 2013) and statistical analyses with scipy and pinguoin [START_REF] Vallat | statistics in Python[END_REF] packages. Behavioral frequentist statistics were performed with R (version 3.3.2, 2016-10-31) and afex package. Behavioral Bayesian statistics were performed using JASP Team (2019), JASP (Version 0.11.0).

RESULTS

Before analyzing behavioral or electrophysiological results, we first controlled if participants could distinguish active 2mA tDCS from sham stimulation. Using the adverse effect questionnaire, we did not find any significant difference between the two stimulations: mean rating 5.46 ± 2.54 for active tDCS vs. 5.54 ± 3.00 for sham stimulation, p=0.95 and thus proceeded to the analysis of tDCS effect on conscious access of near-threshold visual stimuli during the backward metaconstrast-masking task.

No group-level effect of tDCS on subjective nor objective visibility of the stimuli

In order to assess the effect of tDCS stimulation on the behavior during the task, we performed repeated measures 2X3X5 ANOVA, with the two stimulation types (2 mA tDCS vs.

Sham tDCS), three blocks (pre-, during and post-stimulation) and five SOA as factors. As expected, the subjective visibility increased as a function of SOA (main effect of SOA F(4,76)=274.30, p=<10-4, see Figure 2A, Table 1). However, we did not find evidence for an effect of tDCS on the subjective visibility, as neither the double stimulation*block interaction nor the triple stimulation*block*SOA showed a significant effect, F(2,36)=0. 

OBJECTIVES AND HYPOTHESES

Given the postulate of the role of fronto-parietal long-distance communication in consciousness, we hypothesized that its modulation by tACS would causally yield a corresponding modulation of visual awareness in a perceptual task. We specifically choose to manipulate the theta frequency for three main reasons: i) because it is hypothesized that frequencies are related to the size of neural networks in a way that smaller networks oscillate with a higher frequency than larger networks (Von [START_REF] Stein | Different frequencies for different scales of cortical integration: from local gamma to long range alpha/theta synchronization[END_REF][START_REF] Varela | The brainweb: phase synchronization and largescale integration[END_REF][START_REF] Lakatos | An oscillatory hierarchy controlling neuronal excitability and stimulus processing in the auditory cortex[END_REF]. Consequently, the long-distance prefronto-parietal communication and precise synchronization between these distant regions would be best achieved by low frequencies oscillations in the theta-alpha frequency range; ii) given the results of Polania et al., which showed the possible precise manipulation of the phase at this frequency (Polanía et al., 2012); and iii) because we previously demonstrated that theta frequency band robustly indexed higher states of consciousness (King et al., 2013). Since the stimulation would be applied continuously during the task, we sought to enhance (or decrease) the underlying level of consciousness of participants. We thus applied in-phase and anti-phase theta left frontoparietal stimulation during the same visual backward metaconstrast-masking task as in the previous experiment and hypothesized that synchronized (in-phase) stimulation would facilitate the conscious perception of stimuli, whereas opposite, desynchronized (anti-phase) stimulation would alter conscious perception.

MATERIAL AND METHODS

Participants

Eighteen healthy right-handed participants without any neurological or psychological disorders were included in this study (10 women and 8 men, age: 28.0 ± 6.1 years, ranging from 21 to 40 years old). According to the standard safety guidelines of transcranial electric stimulation [START_REF] Antal | Low intensity transcranial electric stimulation: Safety, ethical, legal regulatory and application guidelines[END_REF], participants with personal or familial history of epilepsy or participants with ferromagnetic or electronic implanted devices were not included. Furthermore, pregnancy testing were conducted before each stimulation session for women. Right-handedness was verified prior to inclusion using the Edinburgh inventory [START_REF] Oldfield | The assessment and analysis of handedness: The Edinburgh inventory[END_REF]). This study was part 
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Chapter 4

Summary and concluding remarks

In this PhD thesis, we identified two pending issues in the current management of patients suffering from disorders of consciousness. First, the limits of behavioral diagnostic procedures and second, the lack of understanding of transcranial electrical stimulation techniques effects on consciousness. We tried to bring contributions to both topics using an unified methodology combining behavioral assessment with functional brain activity recordings and the underlying common goal to interpret diagnostic and therapeutic procedures in light of the physiology of consciousness. Since each contribution led to its own discussion, we shall now confine ourselves to a brief summary of the main results, bridging together these novel diagnostic and therapeutic approaches with the aim of delineating the prospects they offer for the future.

Novel diagnostic approaches

In the contributions to diagnostic procedures, we first proposed a new simple tool to diagnose MCS, the DoC-feeling scale. While it is not intended to replace the CRS-R, its simplicity could make it a great screening tool especially in the acute care and we now integrated it in our routine clinical practice. Moreover, due to the high number of evaluations, this tool offers the possibility to capture fluctuations of the patient's state of consciousness, which could help understand mismatches between doctors' evaluations and families' feeling. These potentialities, among others, BIBLIOGRAPHY S1). Descriptive clinical vignettes tended to elicit more accurate answers than the same question asked using only the clinical labels (Table S1; e.g., 74% vs 58% of MCS patients rated as being in an intermediate level of awareness when asked in a clinical vignette or a label context respectively). However, in both conditions, awareness and wakefulness tended to be confounded (e.g., 78% and 84% of UWS rated as having impaired wakefulness when asked in a clinical vignette or a label context respectively). (évaluation de l'état de conscience par le personnel para-médicale en situation de soins courants)

Nom AS:

Date:

Heure:

Doc-Feeling

Remarques générales / :luctuations dans la journée? / Autre? :

Modi:ications éventuelles notées en présence des proches:

"Présence" (le patient vous parait-il "là" ?)

Feuille AS

Votre appréciation globale de l'état de conscience du patient ce jour: 

Doc-Feeling

Remarques générales / :luctuations dans la journée? / Autre? :

Modi:ications éventuelles notées en présence des proches: 

Consignes pour la saisie des données:

-On inclut tous les patients "DOC" (bilan de conscience, max 1 en réa et 1 en UCS/ semaine). L'in:irmière et l'aide soignant du patient remplissent tous les jours leurs parties dédiées en :in de roulement, au moment des transmissions (temps moyen <3min). Cela fera donc en tout 3 feuilles AS et 2 à 3 feuilles IDE / patient "DOC" et par jour.

-Noter tout d'abord votre appréciation globale de la "présence" du patient ce jour comme ceci:

-La "présence" est la donnée principale; l'ouverture des yeux (vigilance) et la perception du degrés de "conscience" sont des données secondaires.

- To assess the impact of the number of ratings on the accuracy of DoC-feeling score, we performed two different analyses. First, to estimate if repeated evaluation by the same rater was better than only one evaluation by rater, we computed the AUC of DoC-feeling score by taking only one rating per rater (the first one). This yielded an AUC of 0.89 [0.79-0.98]. Albeit lower than the AUC considering multiple ratings per rater, this difference was not significant (p=0.66).

Secondly, to assess the effect of the number of ratings per patients on the AUC of DoC-feeling, we simulated AUCs using different number of randomly selected ratings per patients (from one to the median value of ratings per patient) over 5000 permutations. This analysis suggests that a number of 4 ratings is sufficient to reach an AUC over 0.9. (Figure S3, displays the maximum number of patients that had a given number of ratings. Therefore, the AUC were not computed using the same samples. However, the same analysis restricted to the 41 patients that had 8 ratings gave the same results with an AUC > 0.9 from ≥ 4 ratings). 

b. Distinction between MCS "minus" and MCS "plus"

Recently, a distinction between MCS "minus" and MCS "plus" patients has been proposed. oromotor/verbal scale) and/or not-functional but intentional communication (score of 1 on the communication scale) [2]. MCS "minus" patients are patients meeting lower CRS-R MCS criteria (e.g., fixation, visual pursuit or adapted motor reaction to pain) without any behavior defining the MCS "plus" subcategory. Eleven (23%) patients met the criteria of MCS "plus".

A one-way ANOVA with DOC-feeling score as the dependent variable and state of consciousness (UWS, MCS "plus" and MCS "minus") as the predictor revealed a main effect of state of consciousness on DoC-feeling score (F[df:2]=24.14, p=<0.0001). Post-hoc pairwise comparisons found a significant difference for UWS vs. MCS "minus" and UWS vs.

MCS "plus" (Bonferroni corrected p-values <0.001, <0.0001 and 0.90 respectively) but no significant difference for MCS "minus" vs. MCS "plus" (Figure S4).

c. Misclassified patients

We identified 6 misclassified patients according to DoC-feeling score using the cut-off of 16.7 mm: 3 UWS and 3 MCS. Their characteristics are shown in the supplementary Table S2.

Two of the 3 UWS patients according to the CRS-R but with a DoC-feeling score > 16.7 mm evolved towards MCS over the next 6 months.

The 3 MCS patients according to the CRS-R but with a DoC-feeling score < 16.7 mm were fluctuating between UWS and MCS "minus" during their stay. Moreover, none had a neural correlate of consciousness on the local-global auditory oddball paradigm [3,4] and each of them were classified as UWS by at least one of the following methods: multimodal EEG classification [5], 18-FDG-PET-TDM metabolism of the highest hemisphere [6] or resting state MRI functional connectivity analysis [7]. Finally, they were more chronic patients and none evolved towards a better state of consciousness over the next 6 months. 

32 yo / M Anoxia / 14 days 21.9 

Abbreviations: F: female; CRS-R: coma recovery scale-revised; EEG: Multimodal EEG classification according to Sitt et al. [5]; ERP: local-global event-related potentials [3,4]; LE: local effect; GE: global effect; M: male; MCS: minimally conscious state; NA: not available; PET: 18-fluoro-deoxy-glucose positron emission tomography classification according to Stender et al. [6]; rs-fMRI: resting state functional MRI classification according to Demertzi et al. [7]; TBI: traumatic brain injury; UWS: unresponsive wakefulness syndrome; yo: years old.

318

APPENDIX A. SUPPLEMENTARY INFORMATIONS 10/11

d. Secondary metrics

In addition to DoC-feeling score, and in order to allow for the identification of items that could better correlate with the CRS-R, we collected several secondary metrics using the same VAS approach after the collection of DoC-feeling rating (see full assessment form in the supplementary appendix).

We assessed the two classical components of consciousness: 1) wakefulness ("ouverture des yeux"; eye opening) and 2) awareness ("le patient parait-il conscient de lui même et/ou de son environnement ?"; does the patient seem to be aware of himself and/or of his environment?). We also collected behaviors that correlate with state of consciousness such as purposeful behavior ("participation aux soins de nursing ?"; does the patient participate to nursing care ?) response to command ("mouvements sur ordre?" does the patient follow command?) and pain reaction ("réaction aux soins douloureux ? et si oui: ces réactions vous paraissent elles adaptées?"; reaction to painful stimuli ? and if yes: does this reaction seem adapted?). Finally, since the FOUR score is performed by nurses as standard of care in our unit, we also recorded the best FOUR score obtained during the day whenever a DoC feeling rating was performed.

The results of the secondary metrics (other VAS and FOUR-score) are presented in 

Influence of blood glucose on FDG-PET diagnostic performances

Since blood glucose levels differed significantly between VS/UWS and MCS patients (5.9 [5. Here are presented the results of the same voxel-based analysis as in the main manuscript, used to investigate the regional metabolic patterns associated with the presence of an MCS motor item, but with a more liberal threshold (p<0.05, uncorrected). The results confirm that the presence of an MCS motor item is independently associated with the activity within motor specialized brain networks: the primary motor cortex, basal ganglia, anterior brainstem and cerebellum for the motor subscale, without any significant activity in posterior parietal nor dorsolateral prefrontal cortex as would have been expected from a potential sign of awareness.

Additionally, the identification of activity in the ascending reticular activating system, midbrain, basal forebrain and anterior mid frontal regions associated with the arousal subscale constitutes good control for this analysis. Spectral entropy (characterizing the complexity of the spectrum), median spectral frequency, spectral edge 90th and 95th were computed.

Supplementary Figure 2. Metabolic correlates of CRS-R MCS items with liberal statistical threshold Independent FDG-PET metabolic correlates of the CRS-R MCS items in the motor

-Connectivity:

Functional connectivity was assessed using the weighted symbolic mutual information (wSMI). This metric, able to capture non-linear coupling between pairs of electrodes, was introduced by King at al. The markers were then summarized at the single subject level according to the four possible combinations of the following reductions of both sensors-and epochs-space:

-Reduction of the sensor space with either the mean over sensors or the standard deviation over sensors. For most of the markers, the reductions were done over the 224 scalp electrodes, except for specific regions of interest for the following evoked markers: reduction of CNV ). An additional step was performed before the reduction for the wSMI which quantifies the mutual information at the level of electrode pairs: for each electrode, all the connection of this particular electrode was first summarized by the median.

-Reduction of the epochs space with either the trimmed mean 80% (mean of the distribution after trimming the 10% lowest and 10% highest values, a robust estimator of central tendency (Wilcox and Rousselet, 2018) or the standard deviation over epochs.

In the end, a total of 112 different markers was thus available and used for the multivariate prediction. 

ΔP3b

SM Table 1 -EEG markers list

List of all EEG markers used for the multivariate prediction and its corresponding abbreviation.

b. Quality control of diffusion MRI

In order to exclude low-quality imaging data from final analysis, the following quality control of diffusion-weighted imaging (DWI) was performed: 

a. Illustration of a inexhaustible reflex (SM video)

Video of a 23 years-old female patient 68 days following a severe traumatic brain injury exhibiting a typical inextinguishable response to auditory startle reflex. CRS-R at the time of testing was 5 [1-0-2-

The patient blinks following each and every clap and still blinks at the 10 th clap. By contrast, in case of extinguishable reflex, eyelid flutter and/or blink usually cease after 3 or 4 claps.

In addition to the consent required for all patients (see ethics statement in the manuscript), patient's family gave a specific extra consent for this video material. 

b. Whole population description (SM

d. EEG markers computed on resting-state EEG (SM Figure 1)

As EEG markers used for the multivariate classification are computed on the period encompassing the delivery of the first four sounds, their value could be affected by a systematic difference in response to sound between the extinguishable group and inextinguishable group (either due to artifacts or to a different brain response to sound). We think that this is improbable first because of the preprocessing pipeline was the same for all recording and discards blink artifacts (> 100 µV, see preprocessing procedure in the Methods section of the main manuscripts) and second because the evoked responses are usually an order of magnitude lower that the raw activity which limits the possibility than they resulted in major changes in the markers values.

However, in order to definitively rule out this possibility, we computed the markers on The same markers as previously described (at the exception of the evoked domain markers) were computed on the first 800 ms of the epochs, that is 17 resting-state makers, yielding a total of 68 (17 x 4) features for the multivariate classification. We used the same support vector machine (SVM) algorithm trained on the same independent datasets of 311 recordings as for the main analysis, but using only the same 68 features. Finally, we ran the same two-by-two ANOVA with the SVM predicted probability as dependent variable and both the state of consciousness (VS/UWS or MCS) and the habituation to ASR (ASR-IN vs. ASR-EX) as explanatory factors.

Results were essentially the same as the one reported in main analysis presented, with a significant main effect of the type of response to ASR (F(1,79)=8.60, p=0.0044) and a trend toward main effect of state of consciousness (F(1,79)=3.34, p=0.0715). Post-hoc testing showed that the presence of an ASR habituation resulted in higher probability of being MCS than its absence for clinically VS/UWS patients (49.2 ± 18.0% vs. 31.0 ± 19.7%, p=0.0053), but not for MCS patients (54.3 ± 20.5 vs. 44.7 ± 23.9, p=0.2548) (SM Figure 1). 

Relation between auditory startle reflex (ASR) habituation and the multivariate prediction of consciousness based on EEG markers. Predicted probability of being classified minimally conscious (MCS) was higher in extinguishable patients (EX) than in inextinguishable patients (IN), regardless of the clinical state of consciousness (vegetative (VS/UWS) or MCS).

e. FDG-PET subpopulation characteristics (SM 

Material & Methods

EEG power spectral density evolution

Five minutes resting state EEG were acquired on different settings (Micromed® for D7, M1 and M3 and EGI® for M6) with different total number of electrodes (8, 256, 21 and 256 respectively). For the sake of comparability, only common electrodes to all recordings were used for the analysis, that is 8 electrodes (Fp1, Fp2, C3, C4, T3, T4, O1 and O2 of the standard 10-20 international system). EEG were band pass filtered (low-pass 45 Hz, high-pass 1 Hz, Notch 50 Hz) and sampled at 250 Hz. They were then cut into 2 seconds epochs and epochs with more than 100 µV amplitude were rejected. PSD were then computed using the welch method. All EEG analysis were done with homemade script in open source Python, using the MNE package 3 . S1, Table S1 and Table S2) 

Abbreviation

Population description (Figure

Auditory oddball paradigm

The auditory oddball paradigm was a modified short version of the previously published local-global paradigm 1 designed to elicit automatic (mismatch negativity 2,3 and P3a) and conscious (P3b) signatures of the detection of an auditory novelty 4,5 .

Trials consisted of series of 5 sounds (50 ms high (A) or low pitch (B) complex tones, separated by 150 ms)

with an inter-trial interval of 1350 to 1650 ms. The first four sounds were always identical. The fifth sound was the same in 80% of the trials (standard trials, AAAAA or BBBBB) and from a different pitch in 20% of the trial (deviant trials AAAAB or BBBBA). Standard and deviant trials were pseudorandomized with a total of 26 deviant trial. The experiment consisted of 2 blocks, with each block defined by the pitch of the standard tone (block 1: 80% AAAAA/20% AAAAB; block 2: 80% BBBBB/20% BBBBA). Before each block, patients were stimulated vocally and instructed to listen carefully to the sound and count the deviant trials.

Effect size measures

For the resting-state EEG an event-related potentials topographies topographies, we used the Hedges's g coefficient 6 , which is an approximation of Cohen's d 7 coefficient less prone to upward bias for small sample size :

Where df is the number of degrees of freedom (df = n1 + n2 -2) and n1 and n2 the respective number of patients in each population and d is Cohen's d:

Where .1 /// and .2 //// are the mean of both populations and s * the pooled standard deviation:

For the non-parametric analyses (CRS-R comparisons, comparisons of AUC and multivariate analyses), we report the effect size measure r 7 :

Where z is the z-statistic of the Mann-Whitney-U or Wilcoxon test and N the size of the population and the number of paired samples respectively.

B. SUPPLEMENTARY RESULTS

Population description

Flow chart

Among the 110 patients suffering from disorders of consciousness (DoC) that we assessed, 69 were eligible ( 33were for the study and tDCS was delivered to 66 of these patients. Two patients were discarded before the preprocessing stage: one had a short and isolated epileptic seizure just after the tDCS session, and the other 3/10 patient was in comatose state at the time of the recording (the Coma Recovery Scale-revised (CRS-R) 8,9 was equal to 2 [0-0-1-1-0-0]). Four additional patients were discarded because of poor EEG data quality (see below).

In case of repeated assessments of consciousness during this 3-year period for a given patient, we only kept the tDCS session corresponding to the best behavioral state of consciousness prior to tDCS in order to limit the possible impact of spontaneous fluctuations that may overestimate the genuine effect of tDCS. In the end, a total number of 60 patients were included in the analysis (Fig S1 ).

Figure S1. Flow chart Flow chart showing the respective numbers of screened, eligible and included patients of the study together with the reasons for non-inclusion. The numbers of vegetative state/unresponsive wakefulness syndrome (VS/UWS), minimally conscious state (MCS), exit-minimally conscious state (EMCS), tDCS-responders (R+) and non-responders (R-) are presented for the two subpopulations in which resting state EEG (RS-EEG) and auditory oddball paradigm (task-EEG) were available

Population characteristics

Individual patients' characteristics are presented in Table S1. Participants were typical DoC patients, with 24 VS/UWS, 32 MCS and 4 EMCS, with a median [interquartile range-IQR] age of 50 [32 ± 62] years, sex ratio of 1.3 and predominance of anoxo-ischemic (35%) and traumatic brain injury (29%). Median delay since brain injury was 195 days. No significant differences were found between responders and non-responders in patients characteristics. Importantly, no differences were found neither in the pre-stimulation CRS-R arousal subscore, nor in the EEG preprocessing stage (Table S2). Topographical representations of the tDCS-induced changes in raw spectral power (delta δ, theta θ, alpha α, beta β and gamma γ), median spectral frequency (MSF), spectral edge frequency 90% and 95% (SEF90 and SEF95) and spectral entropy (SE) over the 224 scalp electrodes. After minus before differences are presented for both nonresponders (R-) and responders (R+) (left columns), followed by the contrast between the two (middle columns) and the corresponding statistical comparison using a two-steps spatial cluster-based permutation approach (right columns). A significant centro-parietal cluster was found α power (p = 0.0133). Absolute t-values are plotted with a red color scale when a significant cluster was found and in grey otherwise. Electrodes forming the cluster are highlighted by white circles.

3. Resting state EEG markers according to the state of consciousness before stimulation (Fig S3) The staircase procedure was designed to limit the interindividual variability of the performances. The aim was to find a personalized contrast at which approximately 50% of the trials would be consciously perceived for a 50 ms SOA, that is that subjectivity threshold of participants lay around 50 ms SOA. The staircase session was similar to the task, with the presentation of 400 trials, except that of 300 were at 50 ms SOA, and only 100 at other SOAs (25 SOA of each). 50 ms SOA trials were used to compute the personalized contrast, while trials of the remaining SOAs were used to prepare subjects to the coming sessions. Target contrast could vary from 1 (black) to -1 (white) and started at 0.7. Contrast was then adapted according to the behavioral response using the following learning rule, 1 up if target subjectively seen and objective response correct / 1 down otherwise, with 0.2 steps. Each participants contrast, used for subsequent sessions, was computed as the mean contras of the eight last reversals.

c. EEG preprocessing and quantitative analysis

i. EEG preprocessing EEG were processed using a previously described automatized and hierarchical pipeline for artefact removal and extraction of EEG-measures (Sitt et al., 2014;Engemann et al., 2015Engemann et al., , 2018;;Hermann et al., 2019), proceeding as follows:

1) First raw EEG data were band-pass filtered:

-20Hz Butterworth 8 th order low-pass filter for the ERP and 45Hz Butterworth 8 th order low-pass filter for the EEG quantitative analysis -0.5 Hz Butteworth 6 th order high-pass filter -50 Hz and 100 Hz notch filters.

2) Then each recording was cut into epochs ranging from -300 ms to 800 ms, with t = 0 corresponding to the presentation of the numerical target.

3) A previously described automated artifact removal procedure based on voltage maximum amplitude and variability was applied to detect poor quality epochs and electrodes. Channels that exceeded a 100 µV peak-to-peak amplitude in more than 50% of the epochs were rejected. Channels that exceeded a z-score of 4 across all the channels mean variance were rejected. This step was repeated two times. Epochs that exceeded a 150 µv peak-to-peak amplitude in more than 10% of the channels were rejected. Channels that exceeded a z-score of 4 across all the channels mean variance (filtered with a high pass of 25 Hz) were rejected. This step was repeated two times. The remaining epochs were digitally transformed to an average reference. Rejected channels were interpolated. 4) Finally, EEG were deemed to pass this preprocessing step if at least 70% of the channels and at least 30% of the epochs were kept. For one subject, the 100 µV threshold was too strict and the EEG from one session was discarded. Considering the full within-subject design, we thus preprocessed all EEG recordings of this subject at a 150 µV threshold in order to maximize the power to detect an effect of the tDCS.
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ii. EEG quantification

We quantified power spectral densities (PSD) from EEG recorded during the task as follows:

1) We computed raw and normalized spectral power (the sum of power in a frequency band reported to the power on all frequency bands of the spectrum sum) in each of the following frequency band:

δ: 1 -4 Hz; θ: 4 -8 Hz; α: 8 -12 Hz; β: 12 -30 Hz; γ: 30 -45 Hz, using Fast Fourier Transformation with the Welch method with a periodogram of 512 ms with 400 ms overlap. are reported for each frequency band.

2) Functional connectivity was assessed using the weighted symbolic mutual information (wSMI)

capturing both linear and non-linear coupling between sensors (King et al., 2013). This metric relies on the symbolic transformation of EEG signal in k=3 discrete symbols. Mutual information between sensors is defined as the joint probability of each pair symbols with a weighting procedure to discard spurious correlation from common-source. The temporal separation between elements that constitute symbols, 𝜏, defines the frequency range specificity of the metric. In this study, we computed wSMI with 𝜏 intervals of 64, 32, 16, 8 and 4 ms which roughly correspond to functional connectivity measures in delta (~2-5 Hz), theta-alpha (~4-10Hz), alpha-beta (~8-20Hz), beta (~16-40Hz) and gamma band (~32-80Hz) respectively.

All these markers were computed at each sensor for each epochs. In order to obtain a single topography of the 224 scalp sensors for each subject/session/block, we average PSD averaged over the epochs using the trimmed mean 80%. As wSMI quantifies the shared information between electrodes, we resumed wSMI values at each electrode by the median value of wSMI with all the others. The resulting metrics are closely related to the degree measure of the network in graph theory and highlights the sensors that have the strongest connections with other sensors, thus identifying hubs of connections.

d. Signal detection theory measures

In this study, we used a yes/no paradigm which allowed us to derive signal detection theory measures as explicited in Stanislaw et al. [START_REF] Stanislaw | Calculation of signal detection theory measures[END_REF]. In this framework, stimulus detection is conceived as the ability to distinguish a signal distribution from a noise distribution, which can be decomposed as a two-step process, first a perceptual stage and second a decision stage. The sensitivity index (d') reflect the former, while the c criterion is linked to the latter. The computation of these two metrics were allowed by the catch trials (trial with mask only, but no target) which allowed to defined:

-Hit (seen response in presence of target stimulus), -Miss (unseen response in presence of target stimulus), -Correct rejection (unseen response in absence of target stimulus) -False alarm (seen response in absence of target stimulus).

Consequently, the hit rate is defined as : Hit / (Hit + Miss) and the false alarm rate as: False alarm / (False alarm + Correct rejection). Finally, sensitivity index (d') and c are computed as follows:

𝑑 # = 𝑍(ℎ𝑖𝑡 𝑟𝑎𝑡𝑒) -𝑍(𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚 𝑟𝑎𝑡𝑒)

5/9 𝑐 = -𝑍(ℎ𝑖𝑡 𝑟𝑎𝑡𝑒) + 𝑍(𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚 𝑟𝑎𝑡𝑒) 2

Where Z is the z-score of the distribution of either the hit rates and false alarm rates.

Supplementary results

a. P3b amplitude according to the visibility of stimuli

In addition to the effect of tDCS stimulation on the mean amplitude of the P3b component evoked by the target stimulus at different SOA, we investigated the effect of stimulation on the P3b amplitude according to the stimulus visibility, either 'seen' or 'unseen'.

As expected the mean P3b amplitude was higher for seen than for unseen targets (main effect of visibility:

F(1,17)=25.5, p=0.036, BF10>10 4 (Supplementary Figure 1 and Supplementary Table 1). We also found a main effect of the block on the P3b amplitude (F(1,17)=5.17, p=0.036, BF10=4) with higher P3b mean amplitude after stimulation regardless of the type of stimulation (2 mA or sham), suggesting a possible training effect. However, as in the main analysis, we did not find any significant effect of the tDCS 1. Effects of tDCS on the mean P3b amplitude according to visibility of the stimulus Mean ± standard deviation P3b amplitude (µV) (computed as the mean over Pz-centered region of interest and 300-500 ms time-window) as a function of stimulation (sham and 2 mA), block (pre-and poststimulation) and stimulus visibility. The same PSD and wSMI metrics as previously described were computed on the 3 min resting-state EEG acquired before stimulation and after the post-stimulus task. Preprocessing and computations was similar to the task EEG, except that EEG were cut into 1s epochs before the automatic preprocessing stage.

No cluster of significant modulation of brain activity induced by tDCS was observed, in any of the five frequency bands PSD or wSMI metrics analyzed. This fact could reflect the task dependence of tDCS aftereffects, but it should be noted that since the post-stimulation resting-state EEG was performed after the post-stimulation task EEG, we cannot rule out that any potential effect of tDCS wore off.